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Abstract 
Banana bunchy top virus (BBTV) has small isometric virions of 18-20 nm and 
a multicomponent genome of cssDNA (Harding et a/., 1991 ). BBTV has a 
restricted host range limited to the genus Musa and is persistently transmitted 
by the aphid vector Pentalonia nigronervosa (Magee, 1939). BBTV (Burns et 
a/., 1995) together with subterranean clover stunt virus (SCSV) (Boevink eta!., 
1996), faba bean necrotic yelows virus (FBNYV) (Katul et a!., 1997), coconut 
foliar decay virus (CFDV) (Rohde eta/., 1990), and milk vetch dwarf virus 
(MDV) (Sano eta/., 1993) represent a newly described group of plant viruses, 
the proposed nanovirus group. 
lntergenic regions (BT1 to BT6) derived from the six BBTV ssDNA components 
were isolated and fused to the gfp and uidA reporter genes encoding the green 
fluorescent protein (GFP) and 13-glucuronidase (GUS), respectively, to assess 
their potential promoter activity in dicot and monocot hosts. 
In a dicot, tobacco, the level of promoter activity associated with individual 
BBTV-derived promoters varied. In transient assays, the BT2 and BT6 
promoters provided the highest levels of reporter gene expression, about 2-fold 
higher and similar to the CaMV 35S promoter, respectively. Promoters BT3, 
BT 4 and BT5 generated levels of expression about 2-fold lower than the CaMV 
35S promoter, whereas, GUS expression directed by BT1 was barely detected. 
In regenerated transgenic plants, the BBTV promoters directed weak tissue-
specific reporter gene expression limited to vascular tissues of the leaves, 
stems and roots. Greatest GUS expression was demonstrated in callus derived 
from leaves of plants transformed with the BT6-uidA fusion, suggesting at least 
one BBTV promoter has adapted to high level expression in undifferentiated 
actively dividing cell types. Deletion analysis of the BBTV DNA-6 intergenic 
region indicated all the cis-elements required for strong promoter activity were 
located within 239 bp of the translational start codon. Further, signal sequences 
with similarity to cis-elements, including the histone hexamer and as-1 element, 
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were most likely responsible for the strength and cell specificity of this promoter. 
In the natural monocot host of BBTV, banana, promoter activity associated with 
the BBTV intergenic regions was transgene dependent with greatest activity 
observed using a codon-modified gfp reporter gene encoding the green 
fluorescent protein (GFP), in comparison with the uidA reporter encoding GUS. 
Promoter activity differed between BBTV promoters and from levels previously 
observed in tobacco. In banana embryogenic cell transient assays, the BT4 and 
BT5 promoters provided the highest levels of GFP expression, about 0.75-fold 
lower than the CaMV 35S promoter. The BT3 and BT6 promoters were about 
2-fold less active (comparable to that of the maize ubi1 promoter), whereas the 
BT1 and BT2 promoters were the weakest (about 5-fold and 8-fold less active 
than CaMV 35S, respectively). In regenerated transgenic banana plants, 
reporter gene expression directed by the BBTV promoters was primarily 
vascular-associated, although levels of expression varied. Most promoters 
directed strongest expression in leaf and root phloem, stomatal cells and root 
meristems. However, the BT2 and BT4 promoters were active in other cell 
types including the adjacent mesophyll. 
In banana, introduction of monocot-derived introns between the BBTV 
promoters and the uidA reporter gene resulted in significant increases in GUS 
expression. Four intron-containing fragments derived from the maize adh1, 
maize ubi1, rice act1, and sugarcane rbcS 5' untranslated regions were tested 
in combination with the BT6 promoter. Of these, the rice act1 and maize ubi1 
introns provided the most significant enhancement, increasing expression levels 
300-fold and 1 00-fold, respectively. In transgenic banana plants, the maize ubi1 
intron enhanced all BBTV promoters tested but did not appear to alter the 
tissue specificity of these promoters. In stable transformants, strongest GUS 
activity was observed with the ubi1-enhanced BT 4 and BT5 promoters, which 
directed levels of GUS expression about 1.5-fold higher than the CaMV 35S 
promoter. 
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BBTV promoter activity was regulated by the BBTV DNA-1 (Rep) and DNA-5 
(Rb binding-like) gene products. Both proteins caused a dramatic reduction in 
reporter expression directed by the majority of the BBTV promoters over an 
eight day period. The regulatory mechanisms of these proteins, however, 
appeared to differ. The BBTV Rep most likely binds to the BBTV intergenic 
regions, as a function of virus replication, and blocks the binding of host 
transcription factors resulting in transcriptional repression. In contrast, the BBTV 
DNA-5 protein interacted at a cellular level. Based on the putative Rb binding-
like function of the DNA-5 gene product, we hypothesise accumulation of this 
protein is toxic by disrupting the normal host cell cycle. 
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Chapter 1: Introduction 
1.1 Banana bunchy top virus 
1.1.1 Background 
Bananas belong to the genus Musa, family Musaceae, order Zingiberales. They 
are monocotyledonous herbaceous plants with fleshy pseudostems and can 
produce edible fruit which are often commercially propagated (Buddenhagen, 
1968). The majority of the commercially viable types grown today are triploid 
hybrids of two wildtype diploid species (Musa acuminata and Musa balbisiana). 
Unlike wild bananas, the edible variety are parthenocarpic, infertile and seldom 
produce pollen (Simmonds, 1962, 1966). 
Bananas are susceptible to a variety of pathogens. Several fungal, nematode, 
bacterial and viral diseases have been documented, some with the potential to 
cause dramatic decreases in fruit production and ultimately plant death. Two of 
the most devastating diseases affecting bananas are caused by fungal 
pathogens, Mycosphaerella fijiensis var. difformis (Black sigatoka disease) and 
Fusarium oxysporum fsp cubense (Panama disease or Fusarium wilt). 
Banana bunchy top virus, associated with banana bunchy top disease, is the 
most significant of the four viruses known to infect banana. The other three 
viruses are banana bract mosaic potyvirus (Bateson and Dale, 1994), cucumber 
mosaic cucumovirus (Magee, 1940), and banana streak badnavirus (Lockhart, 
1986, 1990). 
1.1.2 Symptomology 
Diagnosis of banana bunchy top disease (BBTD) in the past has been reliant on 
several characteristic symptoms displayed by infected plants during the 
advanced stages of infection. Severity or intensity of the symptoms, however, 
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can be dependent on the type of infection the plant has sustained. Infection can 
occur through two pathways (i) 'primary infection' where infected suckers or 
other planting material give rise to a diseased plant, and (ii) 'secondary infection' 
where the plant is infected through aphid transmission at any point during the 
plants lifecycle (Magee, 1927). 
Several external symptoms have been associated with BBTD (Figure 1.1 ). The 
most predominant of these is the presence of dark green streaks of variable 
length along the leaf veins, mid-ribs, and/or petioles. BBTD infection can also 
cause shortening and narrowing of the leaves (including leaf stalk and blade), 
and chlorosis and up-curving of the margins. As a result, the leaf fails to bend 
normally and maintains a more upright orientation, producing a rosette-like 
formation at the apex of the pseudostem (Magee, 1927). This symptom gives 
rise to the typical stunted or bunched appearance and can lead to cessation or 
abnormalities in fruit yield. The height of an infected plant will depend on the 
type of infection. In general, primary infected plants rarely grow taller than 2 feet, 
whereas the height of a secondary infected plant is dependent on the extent of 
normal growth prior to infection (Mehta, 1964). 
The most fascinating aspect of BBTD is that of the internal symptoms displayed 
by infected plants. An extensive study of the pathological changes in the phloem 
and neighbouring tissues of BBTV-infected banana was conducted by Magee 
(1939). Upon entering the vascular bundle, the virus causes hypertrophy and 
hyperplasia of neighbouring unspecialised cells, replacing the phloem with large-
and small-celled tissue, lacking sieve-like units. Subsequently, the normal 
ground parenchyma surrounding the phloem is modified to form groups of small, 
irregular shaped cells with high chloroplast content. It is the high concentration 
of these chlorophyllous cells that is responsible for the dark green streaks. 
Further expansion of the cells undergoing hypertrophy results in necrosis of 
these tissues and may be the causal agent of other symptoms displayed bY, 
BBTD-infected plants due to interference in the translocation of photoassimilates 
to sink and source tissues. 
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Photo courtesy of O.K. Becker 
Figure 1.1: Symptoms associated with banana bunchy top disease. 
External symptoms of BBTD on glasshouse grown "Cavendish" 
banana (Musa spp. cv. Grand Nain) include stunting, chlorosis of the 
leaf margin , and up-turning of leaves at the apex . 
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1.1.3 Transmission, Host Range and Distribution 
BBTV is persistently transmitted by the black banana aphid Pentalonia 
nigronervosa (Magee, 1927, 1939, 1946). As yet no other insect vectors for 
BBTV have been identified and despite numerous attempts, the virus cannot be 
mechanically transmitted. The only other source of BBTV spread is through 
infected planting material, however this can be minimised with strict quarantine 
measures. 
Practically all species, cultivars, or types in the genus Musa are susceptible to 
BBTV (Magee, 1927; Manser, 1982; Dale, 1987). However, variations in the 
efficiency of infection and onset of symptoms between cultivars, particularly with 
the dessert cultivar Gros Michel, have been observed (Magee, 1940). 
Symptomless BBTV reservoirs have been reported in unrelated species, 
including Co/ocasea esculenta (taro) (Ram and Sammanwar, 1984), Canna spp. 
(Vakili, 1969), He/iconia spp. (Magee, 1967), and Hedychium spp. (Su, pers. 
comm), however, these cases remain unconfirmed. 
BBTD has been confirmed in over 20 countries, with unconfirmed reports from 
another nine (Beetham, 1997). Despite BBTD being widespread internationally, 
the Caribbean and Americas remain free of the disease. Importantly, these 
regions constitute 80% of the worlds banana export market (FAO World 
Agriculture Information Centre, WAICENT, 1997). 
1.1.4 Disease Etiology 
The biological characteristics associated with BBTD, including yellows type 
disease, disorganisation of the phloem, non-mechanical transmission, and 
persistent aphid transmission originally led to the classification of BBTV as a 
possible luteovirus (Matthews, 1982). 
This classification was strengthened by Dale et a/. (1986) who reported the 
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isolation of a major dsRNA species (Mr 4.0 x 1 O•) from BBTV-infected material 
but not healthy plants. Like other luteoviruses (Falk and Duffus, 1984; Gildow, 
1985), this dsRNA was assumed to be the replicative form of the ssRNA-
genome virus. In 1989, isometric virus-like particles (VLPs) of 28 nm were 
isolated from BBTV-infected material from Gabon by Iskra eta!. (1989). Similar 
particles of 20-22 nm were also purified from Taiwanese BBTD by Su and Wu 
(1989). Furthermore, these VLPs were found to contain ssRNA (Mr 2.0 x 1 06) 
with a coat protein subunit of Mr 21000 (Su and Wu, 1989). Monoclonal 
antibodies prepared against these particles were shown to be disease specific 
(Wu and Su, 1990). The isolation of isometric VLPs and ssRNA further 
correlated with the grouping of BBTV as a luteovirus. 
Harding eta!. (1991) and Thomas and Dietzgen (1991) provided the first direct 
evidence against the luteovirus theory. Both groups isolated isometric particles 
of 18-20 nm containing ssDNA of approximately 1 kb in size with a major coat 
protein of Mr 20100 and 20500, respectively, from diseased plants. Harding et 
a!. (1991) demonstrated the association of this nucleic acid (and therefore the 
VLPs) with the disease using a 950 bp eDNA probe (pBT338) derived from the 
virion-associated ssDNA. Hybridisation studies further indicated that sap 
transferred during aphid feeding also contained this ssDNA. Using a polyclonal 
antiserum raised to purified virions, Thomas and Dietzgen (1991) associated the 
VLPs with BBTD from Australia and Taiwan. 
It is currently accepted that the 18-20 nm VLPs containing ssDNA associated 
with BBTD are the virions of BBTV. Recently, it was conceded that the ssRNA 
isolated from infected plants in 1990 by Wu and Su was inaccurately identified 
(Wu, 1994). Despite this, the reports of dsRNA and larger 22-28 nm VLPs make 
the complete etiology of BBTV unresolved. Suggestions such as a second 
helper virus that acts together with BBTV to cause the disease (Harding eta!., 
1991) or the presence of host-derived dsRNA may explain these phenomena. 
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1.1.5 Genome Organisation 
In 1993, Harding et a/. reported the cloning and sequencing of the first 
component of BBTV (BBTV DNA-1). The genome of this component was shown 
to be 1,111 nucleotides (nt) in size and contained one large open reading frame 
(ORF) in the virion sense that had the potential to encode a putative replication 
protein (Rep) of 33.6 kDa. The putative function of this protein was derived from 
the presence of a dNTP binding motif (GXXGKT) within the predicted amino acid 
sequence of the ORF (Harding eta/., 1993). Interspersed throughout the Rep 
sequence are six distinct sequence motifs; three associated with rolling circle 
replication (llyina and Koonin, 1992; Koonin and llyina, 1992, 1993), and three 
associated with DNA binding and dNTP activity (Gorbalenya eta/., 1990; Karan, 
1995). 
A second DNA component was isolated by Burns eta/. (1994) from a random 
primed library. This component shared two regions of similarity with BBTV DNA-
1; a potential stem-loop structure and a 93 nt region which had 79% identity 
between the two sequences and 94% similarity over a highly conserved 34 nt 
stretch. Immediately adjacent, outwardly extending primers were designed to 
this latter region to amplify other potential BBTV DNA components from purified 
virions. Amplified products consisted of at least seven distinct bands all 
approximately 1 kb possibly representing full length BBTV dsDNA. Restriction 
analysis of cloned products revealed four distinct restriction patterns, confirming 
the presence of at least five components. Further investigation by Burns eta/. 
(1995) demonstrated that BBTV has at least six ssDNA components, all of which 
were present in all infected samples tested. 
BBTV, therefore, has a mulitcomponent genome, consisting of at least six 
circular ssDNA components ranging in size from 1018 to 1111 nt. The genome 
organisation of BBTV DNA-1 to -6 are diagramatically represented in Figure 1.2. 
Two areas of homology exist between all six components of BBTV. Both of 
these regions, the major common region (CR-M) and the stem-loop common 
region (CR-SL), occur outside the putative ORFs in what is termed the intergenic 
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BBTV DNA-1 
1111 bp 
MajorORF 
BBTV DNA-3 
1075 bp 
BBTV DNA-5 
1018 bp 
Internal ORF 
BBTV DNA-2 
1060 bp 
BBTV DNA-4 
1043 bp 
BBTV DNA-6 
1089 bp 
TATA 
(Consensus) 
Figure 1.2: Genome organisation of BBTV DNA-1 to -6 (drawn to scale) 
Key c=:::J CR-M 
- CR-SL 
- TATAbox 
7 
- MajorORF 
= lntergenic region 
f Stem-loop 
or non-coding region. 
The CR-M encompasses 96 nt with a minimun 76% identity. Three distinct 
domains have been identifed within the CR-M (Burns et a/., 1995; Hafner et a/., 
1997a). Domain I consists of 55 nt at the 5' end of the CR-M and is 80% 
conserved amongst BBTV components, except BBTV DNA-1 which has a 26 nt 
deletion in this region. Domain II is situated centrally within the CR-M and 
comprises 19 nt with only 26% sequence similarity between components. 
Domain Ill is a 18 nt region located at the 3' end of the CR-M with 94% 
sequence conservation. This domain contains a GC-rich repeat which has the 
potential to form a small stem-loop structure, with a common trinucleotide 
G[A/C/T]A loop. The GC-rich area has similarities to the rightward promoter 
element found in the monopartite geminivirus, maize streak virus (Fenoll eta/., 
1990) and the single stranded initiation signals in some bacterial plasmids (Lin 
and Meyer, 1987; Honda eta/., 1988). Recently, Hafner eta/. (1997a) isolated 
a population of endogenous ssDNA primers (about 80 nt in size) from BBTV 
genomic DNA which bound specifically to Domains I and II of the CR-M. These 
primers were capable of complementary strand synthesis in vitro from each 
BBTV component (except BBTV DNA-3). The derivation of these primers is 
unclear, however, it is most likely that BBTV uses virus-encoded proteins (eg. 
primase) to direct the synthesis of an RNA primer around Domain Ill of the CR-
M, which serves as a template for DNA polymerase (Hafner eta/., 1997a). 
The CR-SL is located 3' of the CR-M on the BBTV genome. The distance 
between the two common regions varies from 22 nt in BBTV DNA-1 to 233 nt in 
BBTV DNA-2. The CR-SL encompasses 69 nt with a minimum 62% identity 
between all components. This region incorporates (i) a 14 nt fully conserved 
stem, (ii) an 11 nt loop, and (iii) a flanking region of 25 and 13 nt extending 5' 
and 3' of the potential stem-loop, respectively. Within the loop exists a 9 nt 
sequence that is almost identical to the invariant loop sequence present in nine 
gem iniviruses (Lazarowitz, 1992), subterranean clover stunt virus (Boevink eta/., 
1995) coconut foliar decay virus (Rohde eta/., 1990), and faba bean necrotic 
yellows virus (Katul eta/., 1997). 
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Analysis of the BBTV components for ORFs in both virion and the 
complementary sense has identified a number of potential coding regions (Burns 
et a!., 1995). Based on the location of the TAT A box and polyadenylation 
signals, it appears, however, that each component has the potential to encode 
one large protein from the virion sense strand. Beetham (1997) mapped RNA 
transcripts associated with the major ORFs of BBTV DNA-1 to -6 using 3' RACE 
and Northern hybridisation. Interestingly, two polyadenylated RNAs were 
detected from BBTV DNA-1, one mapping to the Rep-encoding ORF, and a 
second to an ORF completely within the Rep (Beetham eta/., 1997). The minor 
internal ORF occurs in the +2 reading frame and potentially encodes a protein 
of around 5 kDa. The only other report of a plant DNA virus containing a gene 
within a gene of a replication protein is that of tomato golden mosaic geminivirus 
(TGMV) (Thommes and Buck, 1994). The minor ORF of TGMV encodes a 10 
kDa protein which contributes to regulation of the AL 1 gene product, a Rep 
protein (Elmer eta!., 1988b; Groning eta/., 1994). However, the internal ORF of 
BBTV DNA-1 and TGMV do not share any conserved motifs at the amino acid 
level (Beetham, 1997). 
Each of the large ORFs encoded by individual components has an associated 
5' TATA box and 3' polyadenylation signal(s). The TATA box, with consensus 
nonanucleotide sequence (CTATa/ta/tAtlaA), varies in distance (13 nt in BBTV 
DNA-4 to 50 nt in BBTV DNA-6) from the translational start codon. The 3' 
untranslated region (UTR) of each BBTV component contains one or more 
polyadenylation signals with associated GT rich sequences. Further, Beetham 
(1997) identified a putative upstream transcription termination signal, 
(C/AIT)TGT AA, conserved in all BBTV mRNA sequences. The 3' UTRs of BBTV 
DNA-2 to -6 vary in size from 25 nt (BBTV DNA-6) to 167 nt (BBTV DNA-4) 
(Beetham, 1997). Interestingly, polyadenylation of the Rep ORF occurs 
immediately 3' of the translation stop codon suggesting all the cis signals for 
transcript termination and polyadenylation are within the ORF. This phenomenon 
was suggested to reflect genome size constraints (Beetham eta!., 1997). The 
genome position and size of the BBTV DNA-1 to -6 genes are illustrated in Table 
1.1. 
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Table 1.1: Summary of the BBTV DNA-1 to -6 genes and their encoded 
proteins 
Component Coding Size Mwof Function 
Region Encoded 
Translatable Untranslatable Amino Protein 
(nt) (nt) acids (kDa) 
1 102-962 856 0 286 33.6 Rep 
1 (internal ORF) 403-529 126 272 42 5 N.D. 
2 143-406 264 110 88 10 N.D. 
3 228-737 510 55 170 19.4 Coat protein 
4 279-629 351 167 117 13.7 Movement* 
5 240-722 483 45 161 19.0 Rb-binding 
6 281-742 462 25 154 17.4 N.D. 
(N.D. = not determined, *=putative functions based on conserved motifs) 
Functions have been assigned to two of the six BBTV encoded proteins. As 
previously described, the major ORF of BBTV DNA-1 is thought to encode a 
replication initiation protein based on the presence of a dNTP-binding motif and 
motifs associated with proteins involved in a rolling circle DNA replication 
strategy (Harding eta/., 1993). Recently, Hafner eta/. (1997b) demonstrated the 
Rep protein was capable of site-specific nicking and joining of the conserved 
nonanucleotide loop of the CR-SL in vitro, in a manner similar to that of the 
geminiviruses. This activity was dependent on co-factors such as Mg2+ and Mn2+ 
but did not require ATP. Using N-terminal amino acid sequencing of purified 
BBTV virions and polyclonal antisera raised to the in vitro translation product, 
Wanitchakorn et a/. (1997) confirmed that the 19.3 kDa protein encoded by 
BBTV DNA-3 was the viral coat protein. Putative functions have been inferred 
for two other BBTV-encoded genes. The major translational product of BBTV 
DNA-4 contains a ~-sheet of 30 hydrophobic residues toward the N-terminus 
(Burns eta/., 1995). This region has similarities to a trans-membrane domain 
identified in the V1 proteins of the cereal-infecting geminiviruses (Boulton eta/., 
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1993), and suggests this protein may be involved with viral movement. The 
predicted gene product of BBTV DNA-5 major ORF is a 19 kDa protein and 
contains a LXCXE motif, similar to that of a retinoblastoma (Rb) binding motif 
(Wanitchakorn R., Hafner G.J., Harding, R.M., Dale. J.L. unpub. results). In 
animal virus oncoproteins, this motif serves as the binding site for 
retinoblastoma-susceptibility gene products, which regulate progression of the 
cell cycle from G(1) to S phase. The identification of such motifs in the Rep 
encoding genes of some geminivirus Subgroup I members (Xie eta!., 1995; 
Collin et a!., 1996; Ach et a!., 1997) and evidence of Rb-like proteins in plant 
cells (Xie et a!., 1996; Ach et a!., 1997) suggests that, like the animal DNA 
tumour viruses, the geminiviruses (and possibly BBTV) encode proteins 
specifically designed to create cellular environments permissive for viral DNA 
replication. 
Three other components of BBTV have been isolated from Taiwanese BBTV 
isolates (Yeh eta!., 1994; Wu, 1994). Based on the presence of the GXEGKS 
dNTP-binding motif within their ORFs, two of these components appeared to 
encode Reps similar to that of BBTV DNA-1 isolated by Harding eta!. (1993). 
The stem sequences of these isolates, however, differ between each other and 
BBTV DNA-1 to -6. Karan (1995) cloned and sequenced a further two ssDNA 
components from a Taiwanese isolate which had high similarity to the Rep-like 
components isolated by Yeh et al. (1994) and Wu (1994). The inability to 
consistently isolate the Taiwanese Rep-like components from Australian BBTV-
diseased material led Karan (1995) to suggest these components were not 
integral for viral infection and possibly represented satellite components. A 
Hawaiian isolate of BBTV yielded three more BBTV sequences (Xie and Hu, 
1995). Each contained the CR-M and CR-SL. Based on homologies with the 
published sequences of BBTV DNA-1 to -6 (Burns eta!., 1995), these three 
components are most likely equivalent to BBTV DNA-1, -2 and -5. 
At present, the exact mechanism of BBTV replication is unknown. Based on 
several features analogous to the geminiviruses, it is thought that BBTV may 
replicate by a rolling circle mechanism (Lazarowitz, 1992). These features 
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include (i) a conserved loop sequence T ANTATTAC which is specifically nicked 
and ligated by the Rep protein, (ii) the identification of several putative rolling 
circle replication motifs within the Rep ORF, and (iii) presence of multimeric 
forms of BBTV DNA-1 associated with BBTV infection (Hafner eta/., 1995). 
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1.2. Other BBTV-Iike plant viruses 
Based predominantly on genome organisation, BBTV appears to belong to a 
previously uncharacterised group of plant viruses. Other putative members of 
this group include subterranean clover stunt virus (SCSV), coconut foliar decay 
virus (CFDV), faba bean necrotic yellows virus (FBNYV), and milk vetch dwarf 
virus (MDV). Together these viruses share common features such as 17-20 nm 
isometric virions with a coat protein of approximately 19 kDa, are transmitted by 
insect vectors, each potentially has a multicomponent genome of circular ssDNA 
(each about 1 kb in size), and each virus appears phloem-associated within its 
host (Table 1.2). The only other characterised group of ssDNA plant viruses are 
the Geminiviruses. This group, however, has larger DNA components (about 2.7 
kb) and has a unique geminate particle structure (Davies and Stanley, 1989; 
Lazarowitz, 1992). 
Table 1.2: Comparison of the BBTV-Iike viruses 
Member BBTV scsv CFDV FBNYV MDV 
Host Range monocots dicots monocots dicots dicots 
Virion size 18-20 17-19 20 18 19-20 
(nm) 
Coat protein 19.3 19 N.D. 19 N.D. 
size (kDa) 
No. of 6 7 1 7 N.D. 
components 
Size of DNA 1008- 988-1022 1291 985-1003 ""1000 
components 1111 
(nt) 
Vector Aphid Aphid Planthopper Aphid Aphid 
(Penta ionia (Aphis craccivora) (Myndus tallim) (Acyrthosiphon (Aphis craccivora) 
nigronervosa) pisum) 
N.D. =not determined 
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1.2.1 Subterranean clover stunt virus 
SCSV infects subterranean clover (Trifolium subterraneum L.) and a variety of 
legumes including peas (Pisum sativum L.), broad beans (Vicia faba L.), french 
beans (Phaseo/us vulgaris L.), and medics (Medicago sp.) (Grylls and Butler, 
1956; Smith, 1966). SCSV is widespread throughout Australia causing an 
estimated 30-65% yield loss in improved pastures. Upon infection by SCSV, 
subterranean clover displays stunting, leaf distortion, yellowing of young leaves 
and reddening of older leaves. These symptoms were first attributed to 
nutritional deficiencies (Grylls and Butler, 1956), then later thought to be the 
result of a luteovirus infection (Rochow and Duffus, 1981 ). 
SCSV is transmitted by the aphid vector Aphis craccivora (Koch) in a persistent 
manner (Grylls and Butler, 1959) and is not mechanically transmitted, nor is it 
transmitted by leafhoppers or through seed (Grylls and Butler, 1959). 
Transmission studies showed that infection could not be produced from aphids 
which had fed on purified SCSV virions, although accumulation of the virus 
within the aphid was detected (Chu and Helms, 1988; Chu eta/., 1993a). Chu 
and Helms (1988) proposed this may have been due to the absence of an aphid 
transmission factor or helper virus within the purified particle preparation. 
In 1988, Chu and Helms reported the isolation of 17-19 nm isometric VLPs with 
a coat protein of Mr 19,000 and a circular ssDNA genome. It was further 
demonstrated that this genome consisted of at least four components, each 
about 1 kb in size (Chu and Helms, 1988; Chu eta/., 1993b). More recently, 
seven components of SCSV have been identified (Boevink eta/., 1995). 
Similar to BBTV, all components of SCSV contain a sequence in the non-coding 
region tha~ has the potential to form a stem-loop structure with a GC-rich stem 
and an AT-rich loop. The loop contains the conserved nonanucieotide sequence 
t/cAGT ATT AC. Another region of homology exists in SCSV DNA-1, -3, -4, -5 and 
-7 which is 153 to 260 nt in size and surrounds the stem-loop. This region shows 
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greater than 95% similarity in pairwise comparisons (Boevink eta/., 1995). 
SCSV DNA-5 has been proposed to encode the viral coat protein based on N-
terminal sequencing of purified virions (Chu et a/., 1993b). A consensus 
nucleotide-binding motif GXGK(S/T) and rolling circle replication motifs (Koonin 
and llyina, 1992) present in the ORFs of SCSV DNA-2 and -6 infer these 
components encode putative Rep proteins. Identification of a 25 amino acid 
hydrophobic stretch in SCSV DNA-1, similar to that of BBTV DNA-4, and the Sl 
group geminiviruses, suggests the predicted translation product of this 
component may be involved in movement. As yet no functions have been 
assigned to SCSV DNA-3, -4 and -7. Despite attempts by Boevink (1995) to 
infect clover and pea plants with cloned SCSV components using an artificial 
Agroinfection technique, SCSV has not been proven to be the causal agent of 
the disease. 
Regulation of SCSV gene expression has been investigated by linking the 
putative promoter region of each SCSV DNA component to the uidA reporter 
gene and transforming tobacco (Boevink, 1995). The results and implications of 
these experiments are discussed in Chapter 1.3.3.2. 
1.2.2 Coconut foliar decay virus 
CFDV is a severe disease of introduced coconut palms (Coco nucifera L.) in 
Vanuatu. Although local cultivars are tolerant to the infection the disease has 
economic importance (Randles et a!., 1986). Susceptible cultivars display 
yellowing in the palm fronds followed by the development of lateral necrosis in 
the petioles upon infection. Depending on the cultivar type, the disease can lead 
to morbidity 1-2 months following the appearance of symptoms. Unlike BBTV, 
SCSV, FBNYV and MDV, this virus is transmitted by a planthopper, Myndus 
taffini (Randles eta/., 1986). 
In 1986, Randles eta/. isolated ssDNA from diseased leaf tissue extracts. This 
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nucleic acid was later confirmed to be circular based on its migration in 
polyacrylamide, electron microscopy, and its resistance to end-labelling with 
polynucleotide kinase (Randles eta/., 1987). In 1989, this circular ssDNA (1291 
nt) was associated with 20 nm isometric virus-like particles (Randles and 
Hanold, 1989). 
Analysis of the sequenced component has established a stem-loop-like structure 
with a conserved nonanucleotide consensus (TAATATTAC), similar to that of 
BBTV and SCSV. The only additional sequence similarity to plant viral genomes 
was a 52 nt stretch located 5' of the stem-loop (nt 734-785) which showed 70% 
identity to the complementary strand of commelina yellow mottle badnavirus. 
Six possible ORFs have been identified in the one component of CFDV; four in 
the virion sense and two in the complementary sense (Rohde eta!., 1990). Of 
these, ORF V1 is the largest with the potential to encode a 33.4k Da protein. 
The presence of a GXGK(S/T) dNTP-binding motif within this gene product 
suggests that this protein may be a Rep. Whether the smaller ORFs within this 
component encode functional proteins has yet to be determined. Also, the 
absence of an ORF capable of encoding the coat protein may indicate that 
CFDV consists of at least one other component. 
Localisation studies have demonstrated that the distribution of CFDV DNA in 
coconut palms is not uniform, and the pattern of distribution differs from palm to 
palm. This, however, is not the case in single leaflets. CFDV DNA accumulates 
in the necrotic zones at the base of the petioles, which subsequently develop 
into lesions associated with collapsed fronds. In situ hybridisation of rachis 
tissue has demonstrated that the CFDV DNA was specifically localized in the 
phloem of the vascular system (Randles eta/., 1992) 
Analysis of the CFDV sequence for motifs with similarity to documented cis-
elements (Morozov eta!., 1994) and preliminary promoter studies (Rohde eta!., 
1995) has assisted in the characterisation of some of the regulatory elements 
present within this component. The results and significance of these studies are 
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detailed in Chapter 1.3.3.3. 
1.2.3 Faba bean necrotic yellows virus 
FBNYV causes severe chlorosis, leaf rolling and stunting leading to necrosis and 
early death of pasture legumes. The disease was originally detected in Syria in 
1988, and has proven to have economic consequences in the Middle East and 
North Africa (Katul eta/., 1993). The virus is persistently transmitted by aphid 
species Aphis craccivora and Acyrthosiphon pisum, in which the virus does not 
replicate (Franz eta/., 1995). FBNYV cannot be transmitted mechanically or by 
aphids fed on purified particles (Katul eta!., 1993). 
In 1993, Katul et a!. associated 18 nm isometric virus like particles with the 
disease. These particles contained a coat protein of 22 kDa. Further analysis 
revealed the virus to have a genome of ssDNA about 1 kb in size. Sequence 
analysis of this component suggested it encoded a Rep, based on the presence 
of a conserved dNTP-binding motif GXGK(S/T) in the predicted gene product 
(Katul eta!., 1995). To date six components of cssDNA have been associated 
with FBNYV (Katul eta!., 1997). Similar to other members of this group, each 
FBNYV component contains a potential stem, consisting of a 9-11 nt GC-rich 
inverted repeat, and a conserved nonanucleotide loop with consensus 
TANTATTAC, within the intergenic region. In FBYNV DNA-2, -4, -5, and -6 this 
conserved region is extended 25 nt 5', and 21 nt 3' of the stem loop. 
Putative functions have been suggested for four of the six gene products 
encoded by FBNYV. Using a prokaryotic expression system, FBNYV DNA-5 was 
shown to encode the viral coat protein. Further, antibodies raised to FBNYV 
purified particles cross-reacted with SCSV and MDV, suggesting these members 
are serologically related (Katul eta/., 1993; Franz eta!., 1996). Like SCSV, two 
components of FBNYV potentially encode Reps. The predicted protein encoded 
by DNA-4 contains a hydrophobic domain similar to that of BBTV DNA-4 and 
SCSV DNA-1, and the V1 gene product of the subgroup I geminiviruses (Boulton 
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eta/., 1993), suggesting a movement related function. 
Interestingly, sequence comparisons of the BBTV, SCSV and FBNYV genomes 
(G. Hafner pers. comm.) have revealed FBNYV DNA-3 and SCSV DNA-7 
potentially encode a protein with 49.5% amino acid homology. No such 
component with the potential to encode a similar protein has been identified in 
the genome of BBTV. In addition, the protein encoded by BBTV DNA-6 shares 
42.5% identity with that of SCSV DNA-4. No such component with the potential 
to encode a similar protein has been identified in the genome of FBNYV. This 
may suggest the genomes of both BBTV and FBNYV have not been fully 
defined. 
1.2.4 Milk vetch dwarf virus 
MDV infects legumes including milk vetch, peas, broad beans and soybeans, 
causing yellowing and stunting. The virus is transmitted by the aphid vector 
Aphis craccivora. Based on these symptoms the causal agent of the disease 
was originally attributed to a luteovirus. In 1993, however, Sano eta!. isolated 
19-20 nm isometric virus-like particles containing about 1 kb of circular ssDNA 
from infected pea plants. This nucleic acid was associated with the disease 
using a DNA probe derived from ssDNA which hybridised specifically with 
infected pea leaves and aphids carrying the virus, but not with healthy leaves or 
non-viruliferous aphids. 
Relatively little is known of the genome organisation of this virus due the lack of 
nucleic acid sequence information. Despite this, the initial findings of Sano eta!. 
(1993) indicate it may also be a multicomponent virus with similar genomic traits 
to the other members of this group. A Japanese isolate of MDV reacted strongly 
with 16 of 19 monoclonal antibodies raised to FBNYV (Franz eta!., 1996). It is, 
therefore, likely that MDV and FBNYV are potentially strains of the same virus. 
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1.2.5 The Geminiviruses 
The family Geminiviridae are plant viral pathogens which infect a diverse range 
of crops and are widely distributed throughout the tropical, subtropical and some 
temperate regions of the world. The extent of this distribution is determined 
primarily by the epidemiological constraints imposed on the whitefly and 
leafhopper vectors (Frischmuth and Stanley, 1993). 
The geminiviruses are the only recognised group of ssDNA plant viruses. 
Members of the group share several common traits; (i) twinned quasi-
icosahedral virions about 18 X 30 nm in size, (ii) small genomes consisting of 
either one or two ssDNA molecules of about 2.4- 3.0 kb in size, (iii) a single 
coat protein of 28,000 to 34,000 Da, (iv) a genome consisting of a number of 
viral encoded proteins which are bidirectionally transcribed, and (v) replicate 
exclusively via dsDNA replicative intermediates (Davies, 1987; Howarth and 
Goodman, 1982; Davies and Stanley 1989). Based on a gene-by-gene 
phylogenetic analysis the geminiviruses have been divided into three subgroups 
(I-III) (Rybicki, 1994). 
Members of subgroup I have single component genomes (monopartite), are all 
leafhopper transmitted and, with the exception of tobacco yellow dwarf virus 
(TobYDV) that has adapted to dicots, have host ranges confined to monocots 
(Morris et a/., 1992). The type member of this subgroup is maize streak 
geminivirus (MSV). 
Beet curly top virus (BCTV) is the type member of subgroup II. This virus has a 
single genome component, is transmitted by the leafhopper Circulifer tenellus, 
and infects dicots (Stanley et at., 1986). The genome organisation of this 
subgroup appears to be an intermediate between subgroup I and Ill. 
African cassava mosaic virus is the type member for subgroup Ill. Members of 
this subgroup are all transmitted by the whitefly Bemesia tabaci, infect dicots, 
and most have two genomic components (bipartite). Each of these components, 
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designated DNA A and B, appear to be separately encapsidated (Francki eta/., 
1980; Goodman eta/., 1980). DNA A encodes the coat protein (AV1), as well as 
proteins required for replication (gene AC1) and the regulation of gene 
expression (genes AC2 and AC3) (Townsend eta/., 1985; Townsend eta!., 
1986; Rogers eta!., 1986; Elmer eta!., 1988b; Sunter eta!., 1990; Etessami et 
a/., 1991; Fontes eta!., 1992; Sunter and Bisaro, 1992). DNA B has been 
demonstrated to be essential for systemic infectivity (Stanley, 1983) and 
modulation of symptom induction (von Arnim and Stanley, 1992) but is thought 
not to play a direct role in DNA replication (Sunter eta/., 1990; von Arnim eta/., 
1993). The two major genes present on this component BV1 and BC1 have 
been implicated in cell-to-cell and long distance movement throughout the plant 
(von Arnim eta!., 1993). 
The genome organisation of each of these three subgroups is summarised in 
Table 1.3. The geminiviruses have been relatively well characterised in 
comparison to BBTV and the other BBTV-Iike viruses. Features such as 
assignment of gene function, methods of gene regulation, replication strategy 
(Stenger eta!., 1991; Saunders eta!., 1991; Heyraud eta!., 1993), artificial 
infection (Grimsley eta/., 1986; Elmer eta/., 1988a; Hayes eta/., 1988; Morris 
et a/., 1988), and genetic engineering for virus resistance (reviewed by 
Frischmuth and Stanley, 1993), have been achieved with a variety of 
geminiviruses. 
Similarities in genome nucleic acid (ssDNA) and the presence of a stem-loop 
structure with a conserved nonanucleotide consensus (T ANT ATT AC) in the non-
coding region may suggest some ancestral relationship between BBTV and the 
geminiviruses. Differences, however, in insect vector, genome size and relative 
organisation, virion morphology and size of coat protein indicate that BBTV is 
not a member of the Geminivirus group. 
20 
Table 1.3: Classification of Geminiviruses 
Subgroup Host Transmission Genome 
Range Organisation 
Monocot Leafhopper 
SIL 
II Dicot Leafhopper 
S/l 
Ill Dicot Whitefly S/l 
V2 
Gene Function 
V1-move ment 
V2-coat protein & 
movement 
C1-replication 
C2-replication 
V1-move ment 
V2-coat protein & 
movement 
V3-DNA 
accumulation 
C1-replication 
C2-unknown 
C3-DNA 
accumulation 
C4-unknown 
AV1-coat protein 
AC 1- replication 
AC2- transactivation 
of AV1 & BV1 
AC3-DNA 
accumulation or 
replication efficiency 
BV1-movement 
BC1-movement & 
symptom 
development 
Key: S/L- invariant nona nucleotide stem/loop within the common region, LIR (IR, IR-A, 
IR-B) - large intergenic region, SIR - small intergenic region (Adapted from 
Timmermans et. a/. (1994) and Lazarowitz (1992) with sub- grouping suggested by 
Rybicki (1994)). 
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1. 3 Plant pathogens as sources of promoters 
A promoter is a complex sequence of nucleotides that regulates gene 
transcription and subsequently gene expression. Promoter function is directed 
by conserved nucleotide motifs, cis elements, usually interspersed within the 
promoter region. Cis elements interact with host-derived trans-acting proteins 
termed transcription binding factors. It is these interactions that govern the 
initiation, level and cell-specificity of gene transcription. In eukaryotes, RNA is 
transcribed by three different DNA-dependent RNA polymerases: (i) ribosomal 
RNAs are transcribed by RNA polymerase I, (ii) messenger RNAs are 
transcribed by RNA polymerase II, and (iii) transfer RNAs are transcribed by 
RNA polymerase Ill. Plant DNA viruses have evolved with a reduced genome 
coding capacity and have, therefore, come to depend on host cell polymerases 
(eg. RNA polymerase II) for gene transcription, expression and ultimately virus 
replication. 
The ability to optimize gene expression in transgenic plants relies on a firm 
understanding of gene regulation. Hence, promoters have become a focal point 
for research with respect to plant biotechnology. The ability of some plant 
pathogens to effectively replicate not only within, but throughout different parts 
of certain plant species has made them potential sources of promoters. Two of 
the major plant pathogens targeted to date have been Agrobacterium 
tumefaciens and the DNA plant viruses. 
1.3.1 Agrobacterium 
Although initially resident on a prokaryotic plasmid, T-DNA genes possess all of 
the sequence elements required for transcription in plants. T -DNA genes contain 
TAT A boxes that direct the site of transcription initiation, and many contain 
upstream elements, located more than 100 bp from the transcription initiation 
site, that modulate the levels of transcription (Gelvin, 1993). The promoters of 
several T-DNA genes from Agrobacterium have been isolated and studied, 
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including agropine synthase (lnoguchi eta/., 1990); TL-DNA gene 5 (Koncz and 
Schell, 1986); ro!A, ro/B and ro/C genes (SchmOIIing et aJ:, 1989); and the T-cyt 
gene (Neuteboom eta/., 1993). However, the best characterised and potentially 
the most useful are the octopine synthase, nopaline synthase and mannopine 
synthase promoters. 
1.3.1.1 Octopine Synthase Promoter 
The octopine synthase 5' UTR was first assessed for promoter activity in 
tobacco and found to be active in undifferentiated cells and in various plant 
organs, with the highest activity often in roots or wounded leaf tissue (Aneta/., 
1988). Further characterisation of the promoter region by Ellis et a!. (1987) 
defined a specific cis-regulatory element, the ocs-element which is a 16 bp 
palindromic sequence, located between 222 and 177 bp upstream of the ocs 
transcription initiation site, and is a binding site for plant nuclear proteins 
belonging to the bZip family of DNA-binding proteins (Singh eta/., 1989; Foley 
eta/., 1993). 
The ocs-element functions as an enhancer in dicot (tobacco) and monocot 
(maize) cells (Ellis et a/., 1987). The OCS-binding protein (OCSTF) is also 
present in both species and the properties of this factor in DNA binding and 
transcriptional activation are essentially identical (Singh et a/., 1989). It 
therefore appears that OCSTF is a transcription factor conserved, at least at a 
functional level, across the plant kingdom. Mutagenesis studies have revealed 
that both halves of the ocs element are required for in vivo transcriptional activity 
in plant cells when linked to a minimal promoter and a reporter gene (Bouchez 
eta/., 1989; Singh eta!., 1989). 
In transgenic tobacco plants, ocs element sequences direct tissue-specific 
expression patterns which differ in developmental stages of the plant. In young 
tobacco seedlings, this expression is primarily in the root tips whereas in older 
seedlings expression also occurs in the shoot apex (Fromm eta/., 1989). The 
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root tip and shoot apex contain the meristematic regions of the root and shoot, 
respectively, and consist of rapidly dividing, non-differentiated cells from which 
all the other cell types of the plant are derived. Ocs element sequences are also 
active in the root and shoot meristem of older tobacco plants as well as in 
specific cell types in leaves (Kononowicz eta!., 1992). 
Bouchez eta!. (1989) identifed transcriptionally active ocs elements in a further 
1 0 promoters, seven from the T -DNA opine synthase genes from Ri and Ti 
plasm ids and three from the promoters of the large transcripts of three related 
caulimoviruses, cauliflower mosaic virus, figwort mosaic virus and carnation 
etched ring virus. Comparison of sequence homologies between these 10 
elements identified a 20 bp consensus sequence 
TGACG(T/C)AAG(C/G)(G/A)(A/C)T(G/T)ACG(T/C)(A/C)(A/C), which contains 
the 16 bp palindrome in its central region. This finding demonstrated that two 
different plant pathogens, in one case a bacterium and the other a DNA virus, 
had converged on the same cis-acting promoter element and host transcription 
factor to mediate key transcriptional steps in their life cycles. 
The ocs element does not occur in all T -DNA genes. For example, the motif has 
not been identified in any of the promoters of genes involved in auxin or 
cytokinin biosynthesis, suggesting selection has determined the differential 
regulation ofT-DNA gene expression (Ellis eta/., 1993). The only plant gene 
containing a functional ocs element promoter sequence identified to date is the 
soybean Gmhsp26-A gene (Ellis et a!., 1993), ·which encodes an auxin-
responsive protein with significant homology to the plant glutathione S-
transferases. This apparent rarity of the ocs element in plant genes contrasts its 
frequent use by pathogens that transform the plant nucleus. A number of 
sequences similar to an ocs element half-site, however, have been found to be 
involved in plant gene expression, including the G-box (reviewed by Williams et 
a!., 1992), and the hex motif of histone promoters (Nakayama eta!., 1989). 
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1.3.1.2 Nopaline Synthase Promoter 
The nopaline synthase (nos) promoter was originally considered to be a 
constitutive promoter, however, later studies demonstrated it behaved in an 
organ-specific, developmental fashion (An eta/., 1988). In transgenic seedlings, 
the nos promoter is most active in the lower parts, whereas, in older plants, 
promoter activity is very low throughout the entire plant except in roots and 
certain reproductive organs (An et a/., 1988). Like the octopine synthase 
promoter, activity of the nos promoter is inducible by wounding and certain plant 
hormones (An eta/., 1990; Kim eta/., 1993). 
The nos promoter consists of a TAT A box, CAA T box, and upstream regulatory 
region (An et a!., 1986; Ebert et a!., 1987; Ha and An, 1989). In transient 
expression analyses, deletion of the TATA box region resulted in about a 1 0-fold 
reduction in promoter activity (Aneta/., 1986), while deletion of the CAAT box 
region reduced the promoter activity by about 4-fold (Ebert eta/., 1987). Further, 
the CAA T box has been implicated in strong expression in both vegetative and 
reproductive organs of transgenic tobacco. Deletion of the 5' regulatory 
upstream region showed that the sequence located between positions -130 and 
-112 is necessary for activity of the promoter, while sequences immediately 
upstream and downstream of this region modulate promoter activity. In addition, 
the upstream region is essential for developmental and environmental regulation 
of the promoter (Ha and An, 1989; An eta/., 1990). 
Analysis of the upstream region by DNase-1 footprinting demonstrated that this 
region interacts with activation sequence factor (ASF)-1 (or OCSTF), in a similar 
fashion to the octo pine synthase ocs element (Lam et at., 1990). Further 
characterisation by Kim et at. (1994) identified a 20 bp sequence containing two 
hexamer motifs and a spacer region. Mutational analysis on each of these 
regions strongly influenced promoter strength. Insertion of multiple copies of the 
20 bp sequence into non-functional deletion mutants proportionally increased 
promoter activity, suggesting its importance in transcription and expression. 
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1.3.1.3 Mannopine Synthase Promoter 
Expression of the mannopine synthase (mas) genes is directed by a bidirectional 
promoter (mas1 '2') located on a 489 bp fragment of the right T-DNA of octopine-
type Ti plasmids (Velten eta!., 1984). The mas1'2' promoter is developmentally 
regulated and exhibits highest activity in germinated pollen and callus tissue 
(Langridge eta/., 1989). High activity in roots of transgenic tobacco plants and 
a gradual increase of expression from the shoot apex towards the base has also 
been observed. In the stem, maximum activities are located in the vascular 
tissues (Langridge eta/., 1989; Leung eta/., 1991; Feltkamp et at., 1995). There 
is a differential expression pattern conferred by the mas promoter, which results 
in higher expression from the 2' side compared to 1' transcription (Harpster et 
a/., 1988; Leung et at., 1991 ). Further, the mas promoter is inducible by auxins 
(Langridge eta/., 1989), wounding (Teeri eta/., 1989; Saito eta/., 1991), and is 
highly active in senescing tissues (Ursin and Shewmaker, 1993). 
Several redundant functional domains necessary for gene expression have been 
identified in the mas1'2' promoter by deletion analysis (DiRita and Gelvin, 1987; 
Leung et at., 1991; Fox eta!., 1992). Stable introduction of deletion mutants into 
plants has further defined two negative regulatory elements responsible for 
phloem-limited expression pattern in the mas1' promoter (Guevara-Garcia eta!., 
1993). 
The mas promoter contains two ocs-like elements near each transcriptional start 
point (Bouchez eta/., 1989). Both of these ocs-like sequences have been shown 
to function as enhancers when fused as tetramers to a minimal promoter, 
however, the mas2' element is a stronger enhancer than the mas 1' element 
(Feltkamp eta/., 1994). 
26 
1.3.2 dsDNA Plant Viruses 
1.3.2.1 Caulimoviruses 
1.3.2.1.1 Cauliflower mosaic virus 
Cauliflower mosaic virus (CaMV), the type member of the caulimovirus group, 
is a pararetrovirus with a circular dsDNA genome of about 8 kb. The biological 
and molecular biological characteristics and replicative strategy of this virus have 
been extensively studied (reviewed in Howell, 1985; Covey and Hull, 1985; 
Covey eta!., 1990). The CaMV genome consists of seven major ORFs encoded 
by one strand and packed in tandem, but alternating reading frames around the 
genome. The functions of ORFs II, IV, V, and VI have been elucidated, while 
putative functions for ORFs I, Ill, and VII have been suggested (Hull and Covey, 
1985; Hull eta/., 1986; Albrecht eta/., 1988). Two major RNAs are transcribed 
from the CaMV genome; one, the 35S RNA is more than a full-genome-length 
transcript, and the other, the 19S RNA, is a mRNA encoding the gene product 
from ORF VI (Odell and Howell, 1980). The synthesis of the two major RNAs is 
driven from their own promoters, the 35S RNA promoter and the 19S RNA 
promoter (Covey and Hull, 1981; Covey eta/., 1981; Guilley eta/., 1982; Odell 
eta!., 1981). 
The 35S promoter represents one of the most extensively characterised and 
utilised promoters in plant biotechnology. Its expression pattern is considered 
strong and constitutive, and its action has been demonstrated in a number of 
monocot and dicot species (Weising et a/., 1988; Benfey and Chua, 1990). 
Correct initiation of transcription of the 35S promoter is dependent on proximal 
sequences that include a TATA element, whereas the rate of transcription is 
determined by sequences that are dispersed over 300 bp of upstream DNA. 
Regulation studies have shown the promoter contains two domains, each of 
which is able to confer tissue-specific and developmentally regulated expression 
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in transgenic plants (Benfey eta/., 1989). The downstream domain ( -90 to +8) 
termed domain A (which also contains the TATA box af-31 to -25) is able to 
confer expression principally in root tissue (Benfey eta/., 1989). A cis-element 
(similar to the ocs element) located between -85 and -64 appears to be primarily 
responsible for this expression. This element, termed 'activation sequence' (as)-
1, contains a tandem repeat of the core sequence TGACG and binds (ASF)-1, 
in tobacco nuclear extracts (Lam eta/., 1989). Mutation of the TGACG motifs 
within the intact promoter causes a decrease in expression in roots (Lam eta/., 
1989). Insertion of as-1 into a promoter that normally expresses only in 
photosynthetic tissue results in augmented expression in the roots JLam eta/., 
1989). Furthermore, the level of the RNA that hybridizes to a eDNA clone 
complementary to this motif, is 5- to 1 0-fold higher in roots than in leaf tissue 
(Katagiri eta/., 1989). The preferential root expression conferred by domain A 
has, therefore, been attributed to the higher level of a factor in root that interacts 
with the as-1 element. 
The upstream domain (-343 to -90), termed Domain B, is located almost entirely 
within an ORF that encodes a protein implicated in host range specificity and 
disease symptoms. Domain B is able to confer expression in most cell types of 
leaf and stem as well as in vascular tissue of roots (Benfey eta/., 1989). Benfey 
eta/. (1990) demonstrated that Domain B has a modular organisation, consisting 
of at least five subdomains that are able to confer distinct expression patterns 
when fused to the downstream domain (A). When fused to a minimal promoter, 
only three of the five subdomains directed expression in the early stages of plant 
development. In addition, comparison of the expression patterns conferred by 
the subdomains alone, in combination with the downstream domain, or in 
combination with other subdomains provided evidence for synergistic 
interactions among cis-elements within the 358 promoter (Benfey eta/., 1990). 
In an attempt to raise the efficiency of the native promoter, a variant of the 35S 
promoter was constructed by Kay et a/. (1987). This variant termed the 
'enhanced' or 'duplicated' 35S promoter consisted of a tandem duplication of 
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250 bp upstream sequence. In transgenic tobacco, this promoter provided 10-
fold stronger expression than the native form, suggesting that the number of cis-
elements within the promoter region influences promoter strength. 
The 35S promoter is considered a constitutive promoter, ie. transcription from 
the 35S promoter is assumed to be maximal and the same in all cell types. 
Several reports suggest, however, that this is not the case. Nagata et at. (1987) 
have shown that the activity of the 35S promoter is S-phase specific in tobacco 
protoplasts, and Jefferson et at. (1987) have shown that the expression of GUS 
directed by the 35S-uidA transcriptional fusion is limited to the vascular cambium 
in stems of transgenic plants. Further evidence was provided by Williamson et 
at. (1989), in which the accumulation of transcripts driven by the 35S promoter 
varied both temporally and spatially in all transgenic tobacco tissues examined. 
Inconsistencies are also evident between plant species; expression patterns 
appear to differ in petunia (Petunia hybrida), soybean (Glycine max), and rice 
(Oryza sativa) (Benfey and Chua, 1990; Terada and Shimamoto, 1990; Yang 
and Christou, 1990). These differences are particularly evident in the 
agriculturally significant monocots such as wheat (Hauptmann et at., 1987), in 
which relatively low 35S promoter activity has been observed. These findings 
imply that there may be intrinsic differences between monocots and dicots with 
respect to transcription factors and the recognition of promoter cis-sequences. 
Despite this, the CaMV 35S promoter is one of the strongest and readily utilised 
of the dicot promoters available to date. 
The 19S promoter has not been characterised to the same extent as the 35S 
promoter. Limited studies on this promoter have shown it to behave in the same 
constitutive manner as the 35S promoter, however, expression levels have been 
reported as 10- to 50-fold lower (Lawton et at., 1987). 
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1.3.2.1.2 Figwort Mosaic Virus 
Figwort mosaic virus (FMV), a member of the caulimovirus group, has similarly 
been overlooked as an alternative source of promoters for plant transformation. 
To date only one report has been published detailing promoter activity 
associated with the FMV genome (Sanger eta/., 1990). In this study, a 1.1 kb 
DNA segment, designated the '34S' promoter was derived from a position on the 
FMV genome comparable to the position on the CaMV genome containing the 
35S promoter. 
The 34S and 35S promoters show approximately 63% nucleotide homology in 
the TAT A, CCACT, and the -18 to +1 domains, but, in sequences further 
upstream, the homology drops to below 50%. The 34S promoter contains an 
upstream ocs-like element (Bouchez eta/., 1989) and a TATT AAA variation on 
the consensus TATA box, similar to the weaker 19S promoter of CaMV strain 
Cabb S. In transient tobacco protoplast assays, the 34S promoter provided 
activities approximately equivalent to that of the 35S promoter, and 5' deletion 
analysis demonstrated that this strength is dependent on DNA sequences 
interspersed over several hundred nucleotides upstream of the TAT A box. The 
34S promoter is constitutive in tobacco plants, with no marked organ preference 
and in leaf tissues is 20-fold more active than the mannopine synthase 
promoter. 
1.3.2.1.3 Cassava vein mosaic virus 
Cassava vein mosaic virus (CVMV) infects cassava in north eastern regions of 
Brazil causing chlorosis and vein mosaics. CVMV has a circular dsDNA genome 
of about 8158 bp and is encapsidated in 50-60 nm isometric virions which 
accumulate in the cytoplasm of infected cells (Calvert eta!., 1995). The genome 
organisation of CVMV is atypical to that of previously characterised 
pararetroviruses. Unlike the caulimovirus and badnavirus subgroups, the CVMV 
putative coat protein is located upstream of the putative movement protein 
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sequence in the same ORF, and is therefore likely to be transcribed as a 
polyprotein. Despite this, consensus sequences for these proteins and the 
replicase protein support its classification as a plant pararetrovirus (Calvert et 
a/., 1995). 
Promoter regions (CVP1, 388 bp; CVP2, 511 bp) isolated from positions within 
the CVMV genome analogous to that of the CaMV 35S promoter were tested 
for promoter activity in both tobacco and rice (Verdaguer eta!., 1996). Although 
levels of promoter activity varied in transient assays both promoter fragments 
were capable of directing strong constitutive reporter gene expression in 
transgenic plants. The CVMV promoters were most active in vascular tissues, 
leaf mesophyll cells. and in root tips. 
Several putative cis-elements were identified within the CVMV promoter which 
have been suggested to act additively to confer the constitutive pattern of 
expression associated with the promoter. These included (i) a 16 bp motif with 
strong homology to the as-1 element of the CaMV 35S promoter, (ii) a 22 bp 
sequence with similarities to the vascular domain of the CoYMV promoter, (iii) 
a box I consensus present in the promoters of rbcS genes, and (iv) the binding 
site sequence for the MNF1 leaf-specific nuclear factor found in the PEPc gene 
promoters and CaMV 35S. 
1.3.2.2 Badnaviruses 
1.3.2.2.1 Commelina yellow mottle virus 
Commelina yellow mottle virus (CoYMV) is a non-enveloped bacilliform virus that 
infects monocots. CoYMV has a circular dsDNA genome of about 7.5 kb, and 
belongs to the only other known group of dsDNA plant viruses, the badnaviruses 
(Lockhart, 1990; Medberry eta/., 1990). Although the badnaviruses have been 
classified as pararetroviruses, the genome organization of badnaviruses differ 
from that of CaMV. The nucleotide sequence similarity is low between the 
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badnaviruses described to date and the caulimoviruses, although there appear 
to be small regions of significant similarity to CaMV (Qu eta!., 1991). Like 
CaMV, the promoter associated with CoYMV drives the expression of an mRNA 
that also serves as a template for replication of the genome. 
Preliminary analysis of the CoYMV promoter in transformed tobacco 
demonstrated that its activity is primarily vascular-associated, with the exception 
of the anther, where expression occurs in all cell types (Medberry eta!., 1992). 
When transiently introduced into maize and tobacco cell suspensions, the 
CoYMV promoter fragment was found to be 18-32% as strong as a duplicated 
35S promoter in both cell types. However, in stably transformed maize calli, 
GUS expression directed by the CoYMV promoter was comparable to the CaMV 
35S promoter (Medberry and Olszewski, 1993). 
Deletion analysis by Medberry and Olszewski (1993) showed a region (located 
at position -224 to -208), with similarities to that of an inverted as-1 element, was 
essential for strong promoter activity. Removal of this region caused an 85% 
decrease of CoYMV promoter activity in maize cell suspensions. In transformed 
tobacco, this deletion caused a reduction of activity in the leaves but activity in 
the roots decreased only a few-fold. This finding led the authors to suggest that 
the as-1-like motif of CoYMV may not be important for its activity in roots, and 
may be functionally distinct from the CaMV 35S as-1 element. 
The sequence between position -159 and -84 is responsible for vascular-specific 
expression from the CoYMV promoter. Further, this enhancer-like element is 
capable of conferring vascular expression to promoters that normally are 
inactive in this tissue type, in an orientation independent manner (Medberry and 
Olszewski, 1993). 
In a graminaceous monocot, oat (Avena sativa L.), the CoYMV promoter also 
directs primarily vascular-associated expression (Torbert eta!., 1998). CoYM'e' 
directed GUS expression in transgenic oat was localised to the vascular tissues 
of shoots, leaves, floral bracts and in roots. Despite strong expression in the 
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ovaries, no GUS expression was detected in the anthers or the endosperm in 
mature seeds. Further, assessment of CoYMV promoter activity through to 
progeny established this promoter may be developmentally regulated (Torbert 
eta/., 1998). 
1.3.2.2.2 Rice tungro bacilliform virus 
Rice tungro bacilliform virus (RTBV) in association with rice tungro spherical 
virus (RTSV) cause rice tungro disease. Symptoms of rice tungro disease 
include stunting and yellowing. Like CoYMV, RTBV is a phloem-limited, 
monocot-infecting badnavirus with a circular dsDNA genome of about 8 kb which 
encodes a genome length transcript (Qu eta/., 1991 ). 
A 773 bp genomic fragment of RTBV, analogous in position to that of the CaMV 
35S promoter, was fused to the uidA and firefly luciferase reporter genes and 
assessed for promoter activity in rice, maize and tobacco protoplasts 
(Bhattcharyya-Pakrasi eta!., 1993). The RTBV promoter was strongest in rice, 
although this level was about 3-fold lower than th;:tt observed with the CaMV 35S 
promoter. In transgenic rice plants the RTBV promoter had a tissue restricted 
pattern of expression limited to phloem and phloem-associated cells 
(Bhattcharyya-Pakrasi eta/., 1993; Yin and Beachy, 1995). Electrophoretic 
mobility shift assays and DNase I footprinting experiments have identified two 
putative cis elements (Box I, nt -3 to +5; and Box II, nt -53 to -39) associated 
with vascular expression (Yin and Beachy, 1995). Further studies by Yin eta!. 
(1997), however, identified two more cis elements, the ASL Box (nt -98 to -79) 
and a GATA motif (nt -143 to -135), which in conjunction with Box I and Box II 
act additively to direct phloem-specific expression. 
33 
f 
1.3.2.3 Chlorella virus 
A recent and novel source of a plant promoter is that of an algal virus. The 
Chlorella virus is a plaque-forming pathogen that infects certain unicellular, 
eukaryotic chlorella-like green algae. The Chlorel/a virus has a large (330 kb) 
genome of dsONA consisting of several interesting genes, including genes for 
DNA methyltransferases and certain restriction endonucleases (Mitra et a!., 
1994). 
The upstream (851 bp) region from the adenine methyl transferase gene 
(termed the amt promoter) was isolated and fused to a CAT reporter gene for 
transient and stable promoter studies (Mitra and Higgins, 1994; Mitra et a/., 
1994). When electroporated into wheat and rice protoplasts, transient 
expression from the amt-CAT fusion was generally 15- to 20-fold higher than a 
35S-driven CAT construct. A similar 15-fold increase in CAT activity between the 
two promoters was observed in stably transformed tobacco. The amt promoter 
is strongly active in all above-ground tissue, but no activity was observed in 
roots. This tissue-specificity suggests that activity of the promoter is light-
dependent (Mitra and Higgins, 1994). 
1.3.3 ssDNA Plant Viruses 
1.3.3.1 The Geminiviruses 
The geminiviruses represent the best characterised of the ssDNA plant viruses 
with respect to genome organisation and gene regulation. However, few studies 
have been dedicated to characterising the strength and tissue-specificity of 
geminivirus-derived promoters in transgenic plants. With the exception of maize 
streak virus (MSV), the majority of promoter research involving the geminiviruses 
has focussed on the regulatory effects of viral encoded trans-acting proteins on 
viral gene promoters. These transactivation studies have assisted in providing 
an insight into autoregulation of virus gene expression and the identification of 
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early and late genes. 
MSV is the type member of geminivirus subgroup 1. During replication the MSV 
genome is converted to a closed double-stranded form and is transcribed 
bidirectionally from a central intergenic region (Morris-Krsinich et a/., 1985). 
Rightward transcription from this template generates RNAs encoding the coat 
protein and a small protein of unknown function which is required for the 
systemic spread of the virus but not replication (Lazarowitz et a/., 1989). 
Elements within the intergenic region in the MSV genome are required for 
rightward transcription in a maize transient assay system (Fenoll eta/., 1988). 
The furthest upstream segment in the intergenic region required for rightward 
transcription in maize protoplasts is termed the upstream activating sequence 
(UAS). The UAS has been shown to activate a heterologous core promoter and 
can be replaced functionally by a transcription activating element from CaMV 
(Fenoll eta/., 1988; Ow eta/., 1987). 
The MSV UAS is 122 bp in size and contains two direct GC-rich repeats (GC-
boxes) with similarity to the Sp1-binding site of several animal gene and animal 
virus promoters (Briggs eta/., 1986; Kadonga eta/., 1986). The UAS also 
incorporates the stem-loop structure, with conserved T AA TATTAC loop 
sequence. Deletion analysis of the MSV UAS by Fenoll et a/. (1990) 
demonstrated the presence of an element, called the rightward promoter 
element (rpe1 ), which is responsible for transcriptional activity. Rpe1 includes 
the GC-rich boxes but not the stem-loop. Nuclear binding studies indicated that 
rpe1 binds maize nuclear factors in vitro, and that this binding occurs on 
opposite sides of the DNA helix, without cooperativity. Importantly, a GC-rich 
region has been identified in the CR-M of the BBTV genome, with sequence 
similarities to the rpe1 element. 
The most significant finding from transactivation studies with geminivirus 
promoters is that coat protein expression is dependent on the C1-C2 (subgroup 
I) or AC2 (subgroupll) gene product. This effect has been demonstrated with a 
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number of geminiviruses, including Chloris striate mosaic virus (CSMV) (Zhan 
eta/., 1993), African cassava mosaic virus (ACMV) (Haley eta/., 1992), tomato 
golden mosaic virus (TGMV) (Sunter and Bisaro, 1991) and maize streak virus 
(MSV) (Mazithulela eta/., 1996). Evidence of such an inducible promoter has led 
to novel strategies for engineering virus resistance. Hong et a/. (1997) 
demonstrated that Nicotiana benthamiana plants transformed with a dianthin 
coding sequence under the control of the ACMV coat protein promoter were less 
susceptible to ACMV infection. Plants were shown to accumulate less viral DNA, 
systemic symptoms were extremely mild, and plants recovered from infection. 
Symptoms on these plants were atypical necrotic lesions at the point of 
inoculation, which was attributed to virus induced dianthin activity. However, 
basal levels of activity from the coat protein promoter of MSV have been 
observed in the absence of C1-C2 gene product, suggesting that some 
geminivirus coat protein promoters may be 'leaky' and not suited to such 
strategies. 
1.3.3.2 Subterranean clover stunt virus 
The genome organistion of SCSV, and its similarities to BBTV, have previously 
been discussed in Chapter 1.2.1. Like BBTV, each of the seven SCSV 
components appear to encode a single complete gene. This implies all the 
essential signals required for transcription and translation are located within the 
non-coding region or intergenic region of each component. 
Boevink (1995) demonstrated that five of these seven regions of the SCSV 
genome promote gene expression, by linking the intergenic sequence to a uidA 
reporter gene and stably tranforming tobacco. lntergenic regions of SCSV DNA-
1, -3, -5, and -7 directed gene expression predominantly in the vascular tissue, 
whereas DNA-4 appeared to be constitutive. Interestingly, SCSV DNA-2 and -6 
promoters were inactive under these experi!Tlental conditions. Quantitative 
analysis of promoter activity by fluorometric assays showed the constitutive 
DNA-4 promoter was the strongest (but not as strong as the 35S promoter), and 
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of the remaining phloem-limited promoters, DNA-5 (encoding the coat protein) 
had the next highest activity. Time course assays indicated that GUS expression 
driven by SCSV DNA-1, -3, -5, and -7 became progressively more vascular-
limited within the plants with time. The activity of these promoters was therefore 
suggested to be dependent on the replicative or transcriptional state of the plant 
cells. 
Based on the strength of the SCSV DNA-4 promoter, Boevink (1995) suggested 
this component may encode an early gene. SCSV DNA-4 shares 45% amino 
acid identity with BBTV DNA-6, indicating the gene function may be conserved 
and highly important in the infection process (Boevink eta!., 1995). Interestingly, 
addition of the 3' ORF sequence to the SCSV DNA- 2 promoter region led to an 
increase in promoter activity, indicating the presence of promoter elements 
within the ORF. Furthermore, the Rep encoded by SCSV DNA- 2 transactivates 
the DNA-5, and -7 promoters by about 2-fold. 
1.3.3.3 Coconut foliar decay virus 
The single component of CFDV contains numerous sequences with similarity to 
documented cis-elements (Morozov, 1994 ). The most significant of these were 
located within the intergenic region of the component and included (i) a 
canonical TAT A box which is reiterated twice at a distance of 60 bp, (ii) an Sp 1-
like binding sequence similar to that found in MSV (Fenoll eta!., 1990) and the 
CR-M of BBTV (Burns et a/., 1995), and (iii) a region with homology to the 
promoter type-1 element of the wheat histone H3 gene. The histone type-1 
element consists of two motifs: a hexamer motif that binds related TAF-1 and 
HBP-1 proteins and an octamer motif which is conserved in all plant histone 
gene 5' UTRs (Oeda et al., 1991; Nakayama et al., 1992). The presence of such 
an element within the CFDV genome strongly suggests it is important for the 
expression of CFDV ORFs 1, 2, and 3. Furthermore, as the wheat histone gene 
is expressed specifically in the S- phase of th'e cell cycle (Nakayama et al., 
1992), it is likely these CFDV genes are expressed in undifferentiated, actively 
dividing cells. 
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Promoter activity associated with the one component of CFDV has been 
characterised (Rohde eta!., 1995). The entire Rep-encoding component and 
various 5' and 3' truncations were fused to the uidA reporter gene and assessed 
for promoter activity in tobacco protoplasts and plants. Promoter activity was 
primarily associated with the intergenic region of the CFDV component, which 
included a TATA box positioned 5' of the stem-loop structure, and a 52 bp region 
with homology to the CoYMV promoter. Expression from the strongest of the 
CFDV promoter regions tested was about 20-fold lower than the CaMV 35S 
promoter, suggesting this promoter is relatively weak. 
Stable transformation of tobacco showed promoter activity of the CFDV 
intergenic region was predominantly localized in the vascular system, with 
highest activity in the phloem of the leaf midrib and stem. The CFDV promoter 
was not active in the roots. These expression patterns correlated with in situ 
hybridisation assays on CFDV DNA in infected plants. 
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1.4 Monocot-derived promoters 
The difficulties associated with the expression of transgenes in economically 
important monocots has primarily stemmed from the absence of strong 
constitutive promoters that are active in these species. This has led to the use 
of promoters derived from the 5' UTRs of monocot genes themselves. The 
common monocot-derived promoters include those obtained from maize genes 
encoding polyubiquitin (ubi1) (Christensen et a!., 1992) and alcohol 
dehydrogenase (adh1) (Dennis eta!., 1984), and, from rice, the gene encoding 
actin (act1) (McElroy eta/., 1990). Practically all monocot-derived· promoters 
have retained an intron in the 5' UTR. The inclusion of introns within the 
transcribed portion of a gene has been found to increase heterologous gene 
expression in both animal and plant systems (reviewed by Koziel eta/., 1996). 
In plants, this phenomenon was first demonstrated with the maize adh1 gene 
promoter (Callis eta/., 1987). Although the exact mechanism by which this 
enhancement occurs is poorly understood, the effects are most likely associated 
with improved mRNA processing and transcript stability. 
1.4.1 Maize polyubiquitin 
The ubiquitin protein is highly conserved among different organisms, and has 
been implicated in cellular processes such as protein turnover (Hershko, 1988), 
chromatin structure (Barsoum et a/., 1985), cell cycle control (Rechsteiner, 
1991), response to heat shock and other stress (Jentsch eta!., 1987), and 
potentially proteolysis (Fried eta!., 1987). As the name suggests, the ubiquitin 
protein is present in most cell types, accumulating in the cytoplasm as a 'free' 
monomer or covalently attached to other proteins. The gene(s) encoding these 
proteins can take one of two forms, (i) a tandem head-to-tail repeat of ubiquitin 
coding regions encoding the polyubiquitin protein, or (ii) a gene encoding a 
single ubiquitin repeat fused to another polypeptide (Callis and Vierstra, 1989; 
Schlesinger and Bond, 1987). 
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Two genomic clones (.A.Ubi-1 and .A.Ubi2) encoding 7 direct repeats of the 76 
amino acid ubiquitin protein were isolated from maize by Christensen eta!. 
(1992). Characterisation of the 5' upstream UTR of Ubi-1 identified three major 
regions, (i) a promoter region of about 1 kb which included a TATA box at 
position -30 (in relation to transcription start site) and a consensus heat shock 
element similar to those found in heat-inducible gene promoters (Pelham, 1982), 
(ii) an untranslated leader region of about 41 bp, and (iii) an intron of about 1 kb 
with a 5' best-fit consensus splice junction (AGGT) and consensus 3' splice 
junction (TGCAG). 
When fused to the CAT reporter gene and electroporated into maize protoplasts, 
the Ubi-1 promoter and intron directed high levels of transgene expression, 
about 10-fold higher than expression from a CaMV 358-CAT fusion. Although 
no heat shock response was observed in this study, increases in ubiquitin gene 
transcription in heat shocked maize seedlings (Christensen and Quail, 1989) 
and more recent studies with the Ubi-1 promoter (Cornejo eta!., 1993) suggest 
this promoter is responsive to heat. The Ubi-1 promoter is generally considered 
constitutive. However, in rice, this promoter is most active in actively dividing 
cells, expresses in many, but not all, cell types and is developmentally regulated 
(Cornejo eta/., 1993). Importantly, the Ubi-1 promoter has been shown to direct 
the highest levels of transient reporter gene expression in banana cells (Sagi et 
a!., 1995). 
1.4.2 Maize alcohol dehydrogenase 
The Adh1 and Adh2 genes of maize encode the enzyme alcohol dehydrogenase 
(ADH). Induction of Adh gene expression occurs under anaerobic conditions 
and, in the absence of functional ADH1 activity, maize seedlings are unable to 
survive the low oxygen tensions which occur during prolonged flooding. The 
Adh1 and Adh2 genes are 87% similar at the amino acid level, but their 
regulatory regions are practically distinct (Dennis eta/., 1985). Although both 
genes are largely quiescent in most organs of maize, the specific activity of the 
ADH2 enzyme is only one tenth that of ADH1 (Freeling, 1974). 
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Molecular analysis of the maize Adh1 gene including its 5' UTR was first 
described by Dennis eta/. (1984). The Adh1 gene contains 9 introns within its 
coding region and the upstream regulatory region contains a TATA box (position 
-35) and CCAA T box (position -90). Further characterisation of the promoter 
region by Callis et a!. (1987) demonstrated that promoter function was 
dependent on the presence of the first intron, without which promoter activity 
was reduced 50- to 1 00-fold lower. lntron-mediated enhancement using the 
Adh 1 first intron was further demonstrated with heterologous promoters and 
transgenes, however, its effects were position-dependent (ie. within the 5' 
transcribed portion of the gene). The maize Adh1 promoter and first intron have 
been used for monocot transformation studies (Fromm eta/., 1990), however, 
these studies have been limited. This is most Hkely due to the tissue-specific 
expression pattern of the promoter, which is restricted to root and shoot 
meristems, endosperm and pollen (Kyozuka eta/., 1991). 
1.4.3 Rice actin 
The actin protein is a fundamental component of the cell cytoskeleton (Seagull, 
1989). In higher plants, cytoskeletal actin is believed to function in cytoplasmic 
streaming, extension growth and cell division (Staiger and Schliwa, 1987). In 
rice, eight actin-like sequences are present per haploid genome. Four of these 
have been isolated and their transcripts appear to differ in tissue- and stage-
specific abundance (Reece eta!., 1990). One of these, rice act-1, was highly 
transcribed in most cell types and did not appear developmentally regulated. 
In 1990, McElroy et a!. reported the isolation of the rice act-1 5' UTR and 
demonstrated this fragment was capable of directing strong reporter gene 
expression in transient rice protoplast assays. The rice act-1 5' UTR is about 1.3 
kb in size and contains (i) about 1 kb of promoter sequence, including a TATA 
box at position -35 (relative to the transcription start site), (ii) a 79 bp non-coding 
exon located 3' of the TATA box, which is 77.5% GC-rich, and (iii) a 313 bp 
intron with 5' acceptor splice site (G/gta) and 3' donor splice site (ttttttgtag/G). 
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1.4.4 pEMU 
The recombinant pEMU promoter was specifically designed for high level 
expression in cereal crops (Last eta/., 1991 ). The pEMU promoter consists of 
six anaerobic responsive elements (derived from the maize Adh-1 promoter) and 
four ocs-elements (derived from the Agrobacterium ocs promoter), located 
upstream of the maize Adh-1 truncated promoter and intron. Using transient 
protoplast assays, pEMU gave 10- to 50- fold higher expression than the CaMV 
358 promoter in a range of monocot cell lines, including wheat, maize, rice, 
einkorn and Latium sp. In a dicot (tobacco), however, the situation was reversed. 
The relative levels of transient expression assoCiated with the pEMU promoter 
in monocot cells suggested this promoter may be beneficial for the high level 
expression of transgenes in cereals. Since this study, the pEMU promoter has 
been shown to direct relatively high reporter gene expression in barley 
(Schledzewski and Mendel, 1994), sugarcane (Rathus eta/., 1993), and banana 
(Sagi et a/., 1995) transient assays. However, in regenerated transgenic 
sugarcane plants, activity of the pEMU promoter is very weak, suggesting a 
silencing effect possibly involving pre-transcriptional methylation. 
A number of studies have been devoted to determining the activity of these 
promoters in monocot and dicot hosts (see T~ble 1.4). In general, monocot-
derived promoters do not function well in dicot systems but are active, to varying 
degrees, in other monocot species. The relatively low activity of monocot-derived 
promoters in dicots is most likely attributed to the presence of their introns. 
lntron splicing in dicots has been suggested to be "less permissive" than 
monocots due a different AU requirement between exons and introns (Goodall 
and Filipowicz, 1991 ). 
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Table 1.4: Summary of literature comparing the activity of various monocot 
promoters in monocot and dicot crops. 
I 358 I 35S~Q I Adh I ~EMU I Actin I 
Tobacco 1 0.3 (1) 0.0 
1 1.2 0.8 
1 
1 0.0 0.0 
Carrot 1 2.1 1.2 
Maize 1 5.6 2.2 29 
1 1.6 41 
1 
1 8 (2) 2.5 
nd 1 
1 6.7 11.1 
Wheat 1 0.6 40 
nd 1 
Rice 1 4.2 4 23 
1 1.3 25 
nd 1 1.5 1.5 
Barley 1 15.6 6.4 
Lolium 1 0.5 8.8 
sugarcane 1 0.5 400 
1 10 10 
Data is calculated relative to the activity of the CaMV 358 promoter (activity=1 ). 
(i) duplicated CaMV 358 promoter 
(1) measured with the Act1 intron 
(2) measured with the Adh1 intron 
from Wilmink eta/. (1995) 
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Ubi I Ref. 
McElroy eta/. (1991) 
Last et at. (1991) 
0.1 Christensen eta/. (1992) 
0.1 Schledzewski and Mendel 
(1994) 
Rathus et at. (1993) 
McElroy et at. (1991) 
Last et at. (1991) 
12.5 Christensen et at. (1992) 
13 Fennell and Hauptmann 
(1992) 
2.5 Taylor et at. (1993) 
13.2 Schledzewski and Mendel 
(1994) 
Last et at. (1991) 
34 Taylor eta/. (1993) 
McElroy et at. (1991) 
Last eta/. (1991) 
10 Cornejo et at. (1993) 
11.9 Schledzewski and Mendel 
(1994) 
Last et at. (1991) 
Rathus et at. (1993) 
50 Gallo-Meagher and Irvine 
{1993) 
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Chapter 2: Aims and Objectives 
Significant progress has been made in determining the genome organisation of 
BBTV and putative functions have been assigned to some of the BBTV gene 
products. The identification of RNA transcripts from each of the six BBTV DNA 
components suggested the virus contains regulatory regions responsible for the 
initiation, level and cell-specificity of transcription. These regulatory regions are 
most likely located within the intergenic regions of each BBTV component. 
Description of Scientific Problem Investigated 
BBTV represents a source of at least six novel intergenic promoter sequences. 
The majority of promoters derived from monocot-infecting DNA viruses tested 
to date have a tissue-restricted expression pattern limited to phloem cells. It is 
likely, therefore, that the promoters derived from BBTV will behave in a similar 
tissue-specific manner, analogous to BBTV replication, movement and 
accumulation in its natural host. The focus of research presented in this thesis 
is aimed at characterising the activity of the BBTV intergenic promoter regions. 
Overall Objectives of the Study 
The main objectives of this study were to provide a better understanding of how 
BBTV transcription is regulated and therefore provide an insight into the BBTV 
infection process. It is anticipated that this knowledge may contribute to: (i) 
discerning the localisation and cellular-interactions of the virus within its host, 
ultimately resulting in potential resistance strategies to the virus, (ii) provide 
information on how BBTV gene transcription occurs and what regulatory 
elements are associated with this action, and (iii) demonstrate the applicability 
of the BBTV promoters for future plant transformation studies. 
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Specific Aims of the Study 
The specific aims of this study were to: (i) identify and isolate potential promoter 
regions associated with each of the six BBTV DNA components, (ii) determine 
the strengths and tissue specificities of these promoters in a model dicot system, 
tobacco, (iii) determine the strengths and tissue-specificities of the BBTV 
promoters in their natural host, banana, (iv) determine the regulatory effects of 
the BBTV gene products on their promoters in their natural host, banana, (v) 
identify potential cis-elements responsible for transcriptional regulation of at 
least one BBTV promoter, and (vi) develop expression cassettes utilising the 
BBTV promoters for antibiotic selection and high level expression in monocots. 
Account of Scientific Progress Linking the Scientific Papers 
Promoter activity associated with the BBTV intergenic regions was initially 
investigated in transient assays using tobacco (NT -1) cells and in regenerated 
plants. These studies suggested that the BBTV promoters were active in a dicot, 
although to varying degrees, and had a tissue-restricted pattern of expression. 
To further define regulatory elements responsible for this activity, deletions of 
the BBTV DNA-6 promoter were assessed in tobacco. Since tobacco is not a 
host to BBTV, activity of the BBTV-derived promoters was characterised in the 
natural host of the virus, banana. In transient assays using banana embryogenic 
cells, BBTV promoter activity varied between components and possibly reflected 
gene expression during the early stages of infection. In transgenic banana 
plants, activity of the BBTV promoters provided an insight into the potential 
tissue-specificity of the virus within its natural host. The levels of activity 
associated with the BBTV promoters suggested they were relatively weak, and 
led to the evaluation of introns for their enhancing effects on promoter activity. 
Studies with related ssDNA viruses have demonstrated that promoter activity 
may be influenced by virus-encoded proteins. In an attempt to define their role 
in transcriptional regulation, the gene products encoded by BBTV DNA-1 and 
DNA-5 were assessed for their effects on BBTV promoter activity in transient co-
transformation assays using banana embryogenic cells. 
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Summary 
Promoter regions associated with each of the six ssDNA components of 
banana bunchy top virus (BBTV) have been characterised. DNA segments 
incorporating the intergenic regions of BBTV DNA-1 to -6 were isolated and 
fused to the uidA reporter gene to assess promoter activity. In tobacco cell 
suspensions, the BBTV DNA-2 and -6 promoters generated levels of GUS 
expression 2-fold greater and similar to the 800 bp CaMV 35S promoter, 
respectively. Deletion analysis of the BBTV DNA-6 promoter suggested all the 
necessary promoter elements required for strong expression were located 
within 239 nucleotides upstream of the translational start codon. In transgenic 
tobacco plants, the BBTV-derived promoters generally provided a weak, tissue-
specific pattern of GUS expression restricted to phloem-associated cells. 
However, in callus derived from tobacco leaf tissue, GUS expression directed 
by the BBTV DNA-6 promoter was strong and, in some lines, comparable to the 
CaMV 35S promoter. Detectable promoter activity associated with the BBTV 
promoters in banana embryogenic cells was only observed using a sensitive gfp 
reporter encoding the green fluorescent protein (GFP). Promoters derived from 
BBTV DNA-4 and -5 generated the highest levels of transient activity, which 
were greater than that of the maize ubi-1 promoter. In transgenic banana 
plants, the activity of the BBTV DNA-6 promoter was restricted to the phloem 
of leaves and roots, stomata and root meristems. 
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Introduction 
Banana bunchy top virus (BBTV) is a single-stranded DNA virus which infects 
members of the genus Musa. BBTV has small isometric virions of 18-20 nm, 
and is persistently transmitted by the aphid, Penta Ionia nigronervosa (Harding 
eta!., 1991 ). Based on cytopathology and transmission characteristics, BBTV 
is considered phloem-limited (Magee, 1939). The BBTV genome consists of at 
least six components of circular ssDNA each about 1 kb in size (Harding eta/., 
1993; Burns et a/., 1995). BBTV is most likely a member of an unclassified 
group of plant viruses that potentially includes subterranean clover stunt virus 
(SCSV) (Boevink eta!., 1995), faba bean necrotic yellows virus (FBNYV) (Katul 
eta!., 1997), milk vetch dwarf virus (MDV) (Sana eta/., 1993), and coconut 
foliar decay virus (CFDV) (Rohde eta/., 1990). 
Each of the six DNA components associated with BBTV encodes at least one 
gene (Beetham, 1997; Beetham eta!., 1997). BBTV DNA component 1 (BBTV 
DNA-1) contains two transcribed ORFs in the virion sense. The major DNA-1 
gene encodes a replication initiation protein (Rep) (Harding eta/., 1993, Hafner 
eta!., 1997b), while Wanitchakorn eta/. (1997) demonstrated that BBTV DNA-3 
encodes the viral coat protein. The functions of the genes encoded by BBTV 
DNA-1 internal ORF, -2, -4, -5 and -6 are unknown. 
The intergenic or non-coding regions of the BBTV DNA components have three 
regions of similarity with common putative function. The major common region 
(CR-M) incorporates a 66-92 nucleotide (nt) region (Burns eta/., 1995) and is 
the binding site for an endogenous ssDNA primer which is capable of priming 
full-length complementary strand synthesis in vitro (Hafner eta/., 1997a). The 
second region of similarity, the stem-loop common region (CR-SL), incorporates 
a 69 nt region (Burns eta/., 1995) and contains a stem-loop sequence similar 
to that found in the geminiviruses (Lazarowitz eta/., 1992). Recently, in vitro 
translation studies with the BBTV DNA-1 Rep gene have demonstrated that the 
BBTV Rep is involved in the specific nicking 'and joining of the loop region 
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(Hafner eta/., 1997b). Thus, the CR-M and CR-SL appear intrinsic sequences 
to the rolling circle mechanism by which BBTV is proposed·to replicate. The 
third region common to all BBTV DNA components is a potential TATA box, 
with consensus nonanucleotide sequence CT A Ta/ta/tAtfaA (Burns eta!., 1995). 
This sequence is one of a number of transcription elements identified within the 
intergenic regions, suggesting a potential role in promoter function. 
Promoter activity associated with the intergenic regions of two other BBTV-Iike 
viruses, SCSV and CFDV, has also been characterised. In SCSV, promoter 
activity varies between the seven components and appears primarily vascular-
associated (Surin et a/., 1996). To date, one ssDNA component, potentially 
encoding a Rep, has been associated with CFDV (Rohde et a/., 1990). A 
promoter region from this component has weak phloem-associated activity in 
tobacco, which reflects the tissue-limited accumulation of the virus within its 
natural monocot host (Rohde eta!., 1995). 
In order to better understand the replication and control of gene function in 
BBTV, we have assessed the activity of potential promoter sequences derived 
from BBTV DNA-1 to -6. Using uidA and gfp reporter genes, we report that the 
BBTV promoters are functional in both a dicot, tobacco, and a monocot, 
banana, the natural host of BBTV. 
Materials and Methods 
Isolation of BBTV-derived promoter sequences 
Molecular techniques were essentially as described by Sambrook eta/. (1989). 
The generalised genome organisation of BBTV DNA-1 to -6 is illustrated in 
Figure 3.1 a. BBTV genomic nucleic acid was purified from BBTV-infected 
banana plants essentially as described by Harding eta!. (1991 ). BBTV-derived 
intergenic containing fragments were isolated by either PCR or restriction 
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Figure 3.1: Schematic representations of (a) general BBTV cssDNA genome 
organisation, (b) BBTV DNA-1 to -6 promoter fragments, and (c) cloning strategy. 
Promoter fragments incorporating the intergenic regions of BBTV DNA-1 to -6 were 
isolated by PCR or restriction digestion from cloned components, and inserted upstream 
of the uidA reporter gene in pBI1 01.3 for Agrobacterium-mediated transformation of 
tobacco. The BT-uidA-nos cassettes from each construction were subsequently cloned 
into pGEM3zf for micro-particle bombardment transient assays. nos = nopaline 
synthase 5' untranslated region, npt/1 =gene encoding neomycin phosphotransferase II, 
uidA= gene encoding GUS, BT= intergenicregions derived from BBTV DNA-1 to -6. 
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digestion of previously cloned BBTV sequences (Figure 3.1 b). PCR reactions 
contained 20 pmol of each primer, with 50 mM KCI, 1.5 mM MgCI2, 10 mM Tris-
HCI pH 8.0, 200 f..JM dNTPs, 0.2 U AmpliTaq polymerase (Perkin Elmer), and 
1 f..JL of a 1/1 000 dilution (- 0.1 ng) of nucleic acid extract. The reaction mix was 
subjected to an initial denaturation step of 94°C for 5 min, followed by 30 cycles 
of 94° C for 1 min, 45° C for 30 s, 72° C for 1 min, and a final extension step of 
72° C for 10 min. Nucleotide sequences were confirmed using an Applied 
Biosystems 373A DNA sequencer. 
BBTV DNA-1: A 435 bp fragment of BBTV DNA-1 was amplified by PCR using 
primers, BT1R1.17: 5'-GAACAAGTAATGACTTT-3' (BBTV DNA-1 sequence 
from nt 961-977) and BT1F4.30: 5'-
GGAAGAAGCCTCTCATCTGCTTCAGAGAGC-3' (BBTV DNA-1 sequence 
complementary to nt 256-285). The amplified product was subsequently 
digested with Taql and ends filled using DNA polymerase I large (Kienow) 
fragment. The resulting 225 bp intergenic fragment (promoter BT1.1) was 
cloned into Smal digested pBI1 01.3 vector (Ciontech). This construction was 
designated pBIN-BT1.1 
BBTV ONA-2: An 862 bp intergenic fragment of BBTV DNA-2 was isolated by 
Xbal (nt 362) and Accl (nt 566) digestion of a cloned full length PCR product. 
The Accl site was filled using DNA polymerase I large (Kienow) fragment, and 
cloned into similarly prepared pGEM3zr vector (Promega). The intergenic 
sequence (promoter BT2.1) was subsequently removed as a Hindiii/BamHI 
fragment and cloned into Hindiii/BamHI digested pBI1 01.3. This construction 
was designated pBIN-BT2.1. The BT2.1 promoter fragment was designed to 
include the consensus TATA box described by Burns eta!. (1995). Since that 
study, RNA transcripts were mapped to an ORF in DNA-2 and the consensus 
TATA box identified by Burns eta!. (1995) was within this ORF (Beetham, 
1997). Further analysis identified an alternative appropriately located TAT A-like 
box that is most likely associated with this ORF. Thus, the BT2.1 promoter 
contains a 223 bp region of this ORF at its 3' end. The translational start of this 
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ORF, however, is not in frame with the uidA translational start. 
BBTV DNA-3: A 526 bp intergenic fragment of BBTV DNA-3 was amplified by 
PCR using primers, BT3V: 5'-GCCTGCAGACTATTGTATGGAATG-3' (BBTV 
DNA-3 sequence from nt 760-775 with Pstl restriction site) and BT3C: 5'-
GCGGATCCCTATCTAGACACTGG-3' (BBTV DNA-3 sequence 
complementary to nt 198-212 with BamHI restriction site). The resulting 
fragment was cloned as a Psti!BamHI fragment into similarly digested 
pGEM3zf vector. Subsequently, the intergenic sequence (promoter BT3.1) was 
inserted into Hindiii/BamHI digested p811 01.3 as a Hindiii!BamHI fragment. 
This construction was designated pBIN-BT3.1. 
BBTV DNA-4: A 659 bp intergenic fragment of BBTV DNA-4 was amplified by 
PCR using primers, BT4V: 5'-GCTCTAGAATGGGTATTGATGTA-3' (BBTV 
DNA-4 sequence from nt 662-676 with Xbal restriction site) and BT4C: 5'-
GCGGATCCTTAGCTGCGTCCTATTT -3' (BBTV DNA-4 sequence 
complementary to nt 262-278 with BamHI restriction site). The resulting 
fragment (promoter BT4.1) was cloned as an Xbai!BamHI fragment into a 
similarly digested p81101.3 vector. This construction was designated pBIN-
BT4.1. 
BBTV DNA-5: A 613 bp fragment of BBTV DNA-5 was amplified by PCR using 
primers, BT129V3.17: 5'-GTTATCATGGCATCGAC-3' (BBTV DNA-5 sequence 
from nt 639-655) and BT5C: 5'-GCGGATCCGACGAGTGATTTCGG-3' (BBTV 
DNA-5 sequence complementary to nt 216-233 with BamHI restriction site). The 
amplified product was digested with Accl (nt 795), ends were filled using DNA 
polymerase I large (Kienow) fragment, and the resulting 456 bp sequence was 
digested with BamHI and cloned into a similarly prepared pGEM3zf vector. The 
intergenic fragment (promoter BT5.1) was then cloned as a Hindiii/BamHI 
fragment into Hindiii/BamHI digested p81101.3. This construction was 
designated pBIN-BT5.1. 
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BBTV DNA-6: A 623 bp fragment of BBTV DNA-6 was amplified by PCR using 
primers, BT6V1, 5'-CTGCAGAGTTGTGCTGTAATGTT-3' (BBTV DNA-6 
sequence from nt 747-763 with Pstl restriction site) and primer BT6C1, 5'-
GGATCCGCTTCGTCCTTCCGCT-3' (BBTV DNA-6 sequence complementary 
to nt 264-280 with BamHI restriction site). The amplified product was cloned 
into Psti!BamHI digested pUC19 as a Psti!BamHI fragment. Subsequently, the 
intergenic sequence (promoter BT6.1) was cloned as a Hindiii/BamHI fragment 
into Hindiii!BamHI digested pBI1 01.3. This construction was designated pBIN-
BT6.1. 
For micro-particle bombardment studies, the BT-uidA-nos cassette from each 
construction was cloned as a Hindiii!EcoRI fragment into Hindiii!EcoRI digested 
pGEM-3zf+ (except the BT4.1-uidA-nos cassette which was cloned as an 
Xbai!EcoRI fragment). These constructions were designated pBT1.1-GN to 
pBT6.1-GN. A generalised cloning scheme is depicted in Figure 3.1 c. The 
CaMV 35S-uidA-nos cassette from pBI121 (Ciontech) was similarly cloned as 
a positive control for NT-1 transient assays. This plasmid was designated p35S-
GN. For promoter comparisons in banana embryogenic cells using the uidA 
reporter gene, the vectors pUGR73 and pGUS-2 were used. Plasmid pUGR73 
consists of the maize ubi1 promoter and intron (Christensen and Quail, 1996) 
located upstream of a uidA reporter gene and tobacco 3' rbcS untranslated 
region in pBiuescript II. The plasmid pGUS-2 contains a 530 bp CaMV 35S 
promoter upstream of a uidA-CaMV 35S 3' UTR cassette in pUC18. 
BBTV DNA-6 intergenic deletions: The first 5' deletion of BT6.1 was generated 
using a unique Accl restriction site (nt 1 019). Clone pUC-BT6.1 was digested 
with Accl, which was present in both the pUC19 multiple cloning site and BT6.1, 
and subsequently blunted using DNA polymerase I large (Kienow) fragment. 
The resulting digestion was re-ligated to produce BT6.2. Promoter BT6.3 was 
isolated by PCR amplification using primer BT6C1 and primer BT6V2, 5'-
CTGCAGCATGACGTCAGCAAGG-3' (BBTV DNA-6 sequence from nt 42-57 
with Pstl restriction site). BT6.3 was amplified and cloned as previously 
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described for promoter BT6.1. The final 5' deletion was generated using a 
Haelll restriction site (nt 98). Clone pUC-BT6.1 was digested with Haelll and 
BamHI. The resulting fragment was cloned into Hincii/BamHI digested pUC19. 
A 3' deletion of BT6.1, was produced by PCR amplification using 
oligonucleotides: primer BT6V1 and primer BT6C2, 5'-
GGATCCTGGACCGGGCTT-3' (BBTV DNA-6 sequence complementary to nt 
119-134 with BamHI restriction site). BT6.5 was amplified and cloned as 
previously described for BT6.1. All BBTV DNA-6 intergenic fragments were 
cloned as Hindiii!BamHI fragments upstream of the uidA reporter gene and nos 
3' UTR in pGEM3zf. These plasmid constructs were designated pBT6.2-GN 
to pBT6.5-GN, respectively. The BT6 deletions are schematically represented 
in Figure 3.2a. 
GFP reporter constructions 
The vector, pblue-sGFP-TYG-nos (SK), contains a codon altered gfp reporter 
gene encoding the green fluorescent protein (GFP) (Chiu eta!., 1996) cloned 
upstream of a nos 3' UTR in pBiuescript. The gfp-nos cassette from pblue-
SGFP-TYG-nos was initially subcloned as a BamHI/Kpnl fragment into 
BamHI!Kpnl digested pGEM3zf. This vector WC)S designated pGEM-GFP. The 
gfp-nos cassette was subsequently excised from pGEM-GFP as a BamHI/Sacl 
fragment and inserted into the BamHI/Sacl restriction sites of pBT1.1-GN to 
pBT6.1-GN to replace the original uidA reporter gene. These constructions 
were designated pBT1.1-GFP to pBT6.1-GFP. A CaMV 35S-gfp fusion was 
similarly generated by excision of the gfp-nos cassette from pGEM-GFP as a 
BamHI!Sacl fragment and insertion into the BamHI!Sacl restriction sites of 
pGUS-2, to replace the original uidA-35S 3' UTR cassette. This construction 
was designated p35S-GFP. A maize ubi-1-gfp fusion was generated by 
insertion of the maize ubi-1 promoter and intron into the Hindiii!BamHI 
restriction sites located upstream of the gfp gene in pGEM-GFP. This 
construction was designated pUbi-GFP. 
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Figure 3.2: BBTV DNA-6 intergenic deletions and their transient activity in NT-1 cells. 
Deletions of the BBTV DNA-6 promoter (BT6.1) were generated using PCR or unique 
restriction sites (A). Promoter fragments BT6.2 to BT6.5 were cloned upstream of the 
uidA reporter gene. Common regions and DNA sequences with homology to 
documented cis-elements are marked. Promoter constructions were introduced into 
NT-1 cells via micro-particle bombardment and transient GUS expression 
determined byfluorometric assays three days post bombardment (8). GUS activity is 
illustrated as pmol MU/min/mg protein. Bars represent mean activities ± standard 
error for 12 independent bombardments. Controls include an untransformed 
background activity and the CaMV 35S-uidA fusion. 
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Agrobacterium-mediated transformation 
Constructs pBIN-BT1.1 to pBIN-BT6.1 were used for Agrobacterium-mediated 
transformation of tobacco. The plasmid pBI121 was included as a positive 
control. All BT promoter fusions and the positive control were introduced into 
Agrobacterium tumefaciens strain LBA4404 by electroporation (Singh eta!., 
1993). Agrobacterium was then used to infect Nicotiana tabacum cv. Xanthi leaf 
discs essentially as described by Horsch et a!. (1988). Leaves from plants 
transformed with the BT6 .1-uidA fusions ( 1 month old) were transferred to basic 
MS media containing 1 mg/L BAP and 0.1 mg/L NAA to induce callus formation. 
Preparation of tissues for bombardment 
Tobacco cells: Ten days prior to bombardment a Nicotiana tabacum cell line 
(NT-1) was subcultured at high density in NT media as described by An (1985). 
Three days prior to bombardment, the NT-1 cells were harvested by low speed 
centrifugation (130X g). Aliquots of 400 f.JL of NT cell suspension, containing 
packed cells I liquid NT medium ratio of 1:1 v/v, were dispersed onto NT media 
solidified with 0.7% agar (Sigma) and air dried for 2-3 h. 
Banana cells: Embryogenic suspension cultures of banana cv. 'Biuggoe' (Musa 
spp. ABB group) were initiated and maintained essentially as described by 
Dhed'a eta!. (1991 ). Cells were subcultured fortnightly in maintenance medium 
containing 7.5 f.JM 2, 4-D and 1 f.JM zeatin (BH media). Suspension cells were 
collected five days after subculture and passed through a 450 f.Jm filter. The 
filtrate was then centrifuged for 10 min (130X g) and sufficient supernatant was 
removed to leave a packed cell volume/liquid medium ratio of 1:5. Cells were 
resuspended and dispensed in 200 f.JL aliquots onto filter paper discs 
(Whatman #1) to form a thin layer of evenly dispersed cells. Discs were placed 
in 90 mm Petri dishes containing BH media solidified with 0.7% agar. Cells 
were bombarded 5 days after plating. 
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Micro-particle bombardment 
All plasmids used for micro-particle bombardment were purified using QIAGEN 
Maxi Plasmid Purification columns (QIAGEN Inc.) according to manufacturer's 
specifications. Tissue was bombarded using a particle inflow gun. Preparation 
of 1.0 f.Jm microcarrier gold particles (BioRad) and coating of plasmid DNA were 
essentially as described by Mahon eta/. (1996), except that 2 f.Jg of plasmid 
DNA was used to coat gold particles and 5 f.JL of the DNA-gold suspension was 
used for each bombardment. Target tissues were placed on a platform 7.5 em 
from point of particle discharge and covered with a protective baffle of 210 f.Jm 
stainless steel mesh during bombardment. Tissue was bombarded in a 
chamber evacuated to 600 mm Hg and particles delivered with a helium 
pressure of 550 kPa. Transient reporter gene expression was assessed three 
days post bombardment. 
Transformation and regeneration of banana 
Banana cv. 'Biuggoe' was transformed and regenerated using a modified 
method of Sagi eta/. (1995). Test plasmids used for stable transformation of 
banana included pBT6.1-GN and pBT6.1-GFP, while control plasmids included 
pBIN-35S-GN/BT6.3-NPT and p35S-GFP/BT6.3-NPT. Plasmids pBT6.1-GN 
and pBT6.1-GFP were co-transformed with an e'qual amount (1 f.Jg) of pDHKAN 
for selection of transformants with geneticin (1 0 mg/ml). The plasmid pDHKAN 
consists of a CaMV 35S 5' UTR-npt/1-CaMV 35S 3' UTR cassette in pUC18. 
Reporter gene assays and detection 
GUS activity was assayed histochemically and fluorometrically essentially as 
described by Jefferson et a!. (1987). Fluorescence was measured using a 
Perkin Elmer LS50B luminescence spectrophotometer. GFP expression was 
visualised using a Leica MZ12 stereo microscope with GFP-Pius fluorescence 
module and green barrier filter (BGG22, Chrom.a Technology). The number of 
85 
green fluorescent foci were counted within an eyepiece graticule region, 
equivalent to 40 mm2 on the Petri dish. 
Analysis of transgenic plants 
PCR: Genomic DNA was isolated from leaves of 2-3 month old tissue culture 
plants essentially as described by Stewart and Via (1993). Full length uidA or 
gfp genes were amplified using the following primer pairs GUS1: 5'-
ATGTTACGTCCTGTAGAAACC-31, GUS2: 5 1-
TCATTGTTTGCCTCCCTGCTGC-3 1; 
ATGGTGAGCAAGGGCGAGGAG-3 1, 
G F P 1: 
G F P2: 
5 I-
5 I-
TTACTTGTACAGCTCGTCCAT-31, respectively. The PCR reaction contained 
20 pmol of each primer, 200 IJM dNTPs, 0.1-1 IJg genomic DNA, and 0.5 U 
Expand™ polymerase with manufacturer's buffer system 3. The reaction mix 
was subjected to an initial denaturation step of 95° C for 5 min, followed by 35 
cycles of 95° C for 30 s, 55 C for 30 s, and 1'2 C for 1.5 min, and a final 
extension step of 72° C for 10 min. 
Southern Hybridisation: Transgenic plants confirmed to contain the uidA or gfp 
genes by PCR were further analysed by genomic Southern hybridisation. Total 
genomic DNA was isolated from leaf material of 2-3 month old tissue culture 
plants essentially as described by Stewart and Via (1993). Genomic DNA (10 
IJg) was digested with BamHI, electrophoresed in a 1 % agarose gel and 
transferred to Zeta probe ™ GT blotting membrane (BioRad). RNA transcript 
probes were generated essentially as described by Hafner eta/. (1995) using 
an Ambion MAXI script SP6rr7 kit (Ambion Inc.). Probes specific for npt/1 were 
transcribed from linearised pGEM3zf vector containing the npt/1 gene with T7 
polymerase, and hybridised at 55°C. Hybridisation signal was detected with X-
OMA TAR scientific imaging film (Kodak) and scanned using a Hewlett Packard 
Scanjet II CX. The image was manipulated in Corel PHOTO-PAINT™ V 7.0 
(Corel Corporation). 
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Results 
Transient activity of the BBTV-derived promoters in tobacco cell 
. suspensions 
The BT-uidA fusions were tested for transient activity in tobacco NT-1 cells via 
micro-particle bombardment. GUS activities in NT-1 cells from three 
independent experiments, in which there were four replicates for each 
promoter, were measured using the plasmid p35S-GN as a positive control 
(Figure 3.3). Of the six BBTV promoters, BT2.1 provided the highest level of 
transient GUS activity, about 2- to 3-fold higher than the 800 bp CaMV 35S 
promoter. The BT6.1 promoter consistently provided expression levels similar 
to that of the CaMV 35S promoter, while promoters BT3.1, BT4.1 and BT5.1 
showed similar levels of GUS expression about 2-fold lower than that of the 
CaMV 35S promoter. GUS activity from promoter BT1.1 was not significantly 
different from background levels with between 1-10 blue foci observed by 
histochemical assays. 
When deletions were made to BT6.1 and the transient promoter activity in NT-1 
cells examined, the BT6.2 promoter provided about a 2-fold higher level of GUS 
expression than the BT6.1 and CaMV 35S promoters (Figure 3.2b). A further 
deletion of 112 bp, including the majority of the CR-SL (promoter BT6.3), 
produced no significant change in GUS activity from BT6.2. GUS activity 
associated with the BT6.4 promoter was significantly lower than the BT6.3 
promoter (about 2-fold), but not significantly different from that observed with 
the BT6.1 promoter. A 3' deletion of 147 bp including the TATA box resulted in 
GUS activity equivalent to that detected of background. 
Activity of the BBTV-derived promoters in tobacco plants 
Tobacco was transformed with the plasmids pBIN-BT1.1 to pBIN-BT6.1 by 
Agrobacterium-mediated transformation using the plasmid pBI121 as a positive 
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Figure 3.3: Transient activity of BBTV-derived promoters in NT-1 cells. 
Promoter constructions were introduced into NT-1 cells via micro-particle 
bombardment and transient GUS expression determined by fluorometric 
assays three days post bombardment. GUS activity is illustrated as pmol 
MU/min/mg protein. Bars represent mean activities ±standard error for 12 
independent transformations. Controls include an untransformed 
background activity and the CaMV 35S-uidA fusion. 
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control. Seven to fourteen independently transformed lines were obtained for 
each promoter fusion. Integration of the uidA gene in these plants was 
confirmed by Southern hybridisation using Hindi! I digested genomic DNA, and 
each line was found to contain between one and six copies of the uidA gene 
(data not shown). When assayed histochemically, the majority of transformants 
had very weak GUS activity limited to vascular-associated cells of the leaves, 
stems and roots. In contrast, the CaMV 35S promoter directed strong 
constitutive GUS expression in all tissue types tested. Of the BBTV-derived 
promoters, BT6.1 appeared to give the highest level of GUS expression in 
phloem-associated cells (Figure 3.4a). However, the low levels of GUS 
expression associated with these plants suggested a significant difference in 
promoter activity between stable and transient transformation studies. 
Furthermore, there was a significant reductio~ in GUS expression in these 
transformants following extended tissue culturing with no visible GUS 
expression observed in leaf and root sections of the majority of plants tested 
after one year. 
Leaves were taken from tobacco plants transformed with pBIN-BT6.1, including 
plants without visible GUS expression, and transferred to callus induction 
media. Upon de-differentiation, callus was excised and GUS activity assayed 
histochemically. Visible GUS expression was evident in all callus tested, 
although the level of expression varied between independent lines. In some 
cases, intensity of GUS expression in the induced callus was visibly comparable 
to that of callus derived from plants transformed with the CaMV 35S-uidA fusion 
(Figure 3.4b). The increase in GUS activity between leaf and callus ranged from 
2- to 1 00-fold using fluorometric GUS assays (data not shown). 
Transient activity of the BBTV-derived promoters in banana cells 
The BT-uidA fusions (pBT1.1-GN to pBT6.1-GN) were tested for transient 
activity in banana embryogenic cells by micro-particle bombardment (Figure 
3.5a). For promoter comparisons, the plasmids pUGR73 (maize ubi-1 promoter 
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Figure 3.4: Promoter activity associated with the BBTV DNA-6 intergenic region in 
transgenic tobacco and banana plants. Nicotiana tabacum plants transformed with the 
BT6.1-uidA fusion were generated via Agrobacterium-mediated infection. Leaves of 
three month old tissue culture plantlets were subjected to GUS histochemical assays 
(panel A). Callus was induced from leaves of each BT6.1-uidA tobacco transformant. 
Panel B shows a comparison of GUS expression in callus versus leaf from a non-
expressing transformant, as detected by GUS histochemical assays. Banana 
embryogenic cells were bombarded with the BT6.1-GFP fusion for stable 
transformation. Panel C shows GFP expression in a germinating transformed banana 
embryo, five months post bombardment. In transgenic banana plants GFP expression 
was detected in the phloem of the roots and root meristems (panel D), and with the 
addition of a green barrier filter, in the phloem of the leaves (panel E). 
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Figure 3.5: Transient activity of BBTV-derived promoters in banana embryogenic cells. 
BBTV promoters fused to the (a) uidA and (b) gfp reporter genes were transiently 
introduced into banana embryogenic cells via micro-particle bombardment. Reporter 
gene expression was assessed three days post bombardment. GUS activity is 
illustrated as pmol MU/min/mg protein. GFP expression is measured as the number of 
green fluorescent foci within a 40 mm2 area of cells. Bars represent mean activities for 
ten independent bombardments. Standard error did not exceed 10% of independent 
means. 
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and intron) and pGUS-2 (530 bp CaMV 35S promoter) were included as 
controls. Using fluorometric assays, the BBTV-derived promoters provided low 
levels of GUS activity, about 2- to 3-fold greater than the non-bombarded 
negative control, in two independent experiments, consisting of five replicates 
for each promoter. Using histochemical assays, between 1-20 blue foci were 
observed for each BBTV promoter construction. Of the other promoters tested, 
the ubi-1 promoter and intron had the greatest activity, which was about 100-
fold greater than the BT promoters. The CaMV 35S promoter was about 4-fold 
less active than the ubi-1 promoter and intron. 
Transient activity of the BBTV promoters was also examined using the gfp 
reporter. In two independent experiments, each comprising five replicates for 
each promoter construction, all BBTV-derived promoters generated detectable 
levels of GFP expression (Figure 3.5b). The CaMV 35S promoter was 
consistently the strongest of the promoters tested based on the intensity and 
number of green fluorescent foci. In comparison, BT 4.1 and BT5.1 promoters 
were about 0.75-fold as active as the CaMV 35S promoter, while the maize ubi-
1, BT6.1 and BT3.1 were about 2-fold less active. Promoters BT1.1 and BT2.1 
were about 5-fold and 8-fold less active than the CaMV 35S promoter, 
respectively. 
BBTV DNA-6 promoter activity in transgenic banana plants 
Between 7-23 independently transformed banana plants were regenerated for 
each of the test plasmids, pBT6.1-GN and pBT6.1-GFP, and control plasm ids, 
pBIN-35S-GN/BT6.3-NPT and p35S-GFP/BT6.3-NPT. The presence of the 
uidA or gfp genes in each plant was confirmed by PCR. Four plants 
representing each promoter construction were further analysed by Southern 
hybridisation of BamHI digested genomic DNA (Figure 3.6), and between 1-12 
copies of the npt/1 gene were detected in each plant. Leaf and root sections 
from plants transformed with pBT6.1-GN did not show any visible GUS activity, 
as determined by histochemical assays. In contrast, leaf and root sections from 
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pBIN-35S-GN/ 
BT6.3-NPT 
p35S-GFP/ 
BT6.3-NPT u T 
Figure 3.6: Southern hybridisation of transgenic banana plants. Genomic 
DNA was isolated from four independent banana plants transformed with test 
constructs pBT6.1-GN and pBT6.1-GFP, and with control plasmids pBIN-35S-
GN/BT6.3-NPT and p35S-GFP/BT6.3-NPT Genomic DNA, digested with 
BamHI, was immobilised on a nylon membrane and hybridised with radio-
labelled RNA probes specific for the NPTII gene. Controls included P = linear 
plasmid DNA (about 1 ng of pGEM-NPT) and, U = untransformed banana 
genomic DNA. 
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plants transformed with the plasmid pBIN-35S-GN/BT6.3-NPT showed strong 
constitutive GUS expression. Varying levels of GFP expression were observed 
in banana tissue transformed with the plasmid pBT6.1-GFP. The level of 
expression was consistently lower than the CaMV 35S promoter (plasmid p35S-
GFP/BT6.3-NPT), but, unlike GUS activity, ':"'as easily observed in both 
embryos and plant structures. The strongest GFP expression was observed in 
embryos and roots, particularly root meristems (Figures 3.4c and 3.4d). Using 
a green barrier filter, GFP expression was also visible in leaf phloem (Figure 
3.4e) and stomata. No endogenous green fluorescence was observed in plants 
transformed with the selection plasmid, pDHKAN, alone. 
Discussion 
We have demonstrated using transient assays that (i) the intergenic regions of 
BBTV DNA-1 to -6 have promoter activity in both tobacco and banana cells, (ii) 
the activities of different intergenic regions vary considerably, and (iii) the 
relative activities of the different intergenic regions vary between tobacco and 
banana. In regenerated transgenic tobacco plants, expression from the BBTV-
derived promoters was essentially limited to vascular tissue which supports 
previous observations that BBTV is a phloem-associated virus. However, when 
callus was re-initiated from transformed tobacco leaf tissue, the expression of 
GUS driven by promoter BT6.1 was significantly enhanced. Interestingly, early 
studies by Magee (1939) reported disorganisation of the phloem elements and 
surrounding parenchyma cells in banana at the point of initial BBTV infection, 
with subsequent hypertrophy and rapid cell division. The apparent high activities 
of the BT6.1 promoter in similar unspecialised, actively dividing cell types of 
tobacco suggests at least one of the BBTV promoters is capable of high level 
expression in these cell types. The relative promoter activities of the six 
intergenic regions in tobacco probably has little relevance to BBTV replication 
as tobacco is a non-host, although, it would seem that promoter activity is not 
the primary block to BBTV infecting tobacco. 
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The relative promoter activities from the different BBTV components in banana 
cell suspensions are, however, probably relevant to-BBTV replication. Promoter 
activity associated with the BBTV intergenic regions in banana embryogenic 
cells was greatest using a sensitive codon modified gfp reporter gene, as 
opposed to the uidA reporter, suggesting the BBTV promoters are generally 
weak promoters in their host species. Using ,GFP, highest expression was 
directed by the BBTV DNA-4 and -5 promoters, which were about 0.75-fold as 
active as the CaMV 35S promoter. The functions of the genes encoded by 
these two components have not been definitively determined. However, the 
major translational product of BBTV DNA-4 contains a ~-sheet of 30 
hydrophobic residues toward theN terminus (Burns eta/., 1995) which is similar 
to a trans-membrane domain identified in the V1 proteins of the cereal-infecting 
geminiviruses (Boulton eta/., 1993), suggesting this protein may be involved 
with cell-to-cell movement. BBTV DNA-5 is the most efficiently primed of all six 
BBTV components (Hafner eta/., 1997a). Further, the predicted gene product 
encoded by this component contains an LXCXE motif (R. Wanitchakorn, G.J. 
Hafner, R.M. Harding, and J.L. Dale, unpub. results) that is associated with 
retinoblastoma (Rb) binding-like proteins of animal DNA tumor viruses (Picksley 
and Lane, 1994). A functional Rb-binding motif has been identified in the RepA 
early gene product of members of the subgroup I geminiviruses (Xie eta!., 
1995; Collin eta/., 1996; Ach eta!., 1997) and evidence exists for a novel plant 
encoded Rb-like family of regulatory proteins (Grafi eta/., 1996; Xie eta/., 1996; 
Ach eta/., 1997). Based on these findings, we hypothesise that following BBTV 
infection, the BBTV DNA-5 gene product is the first translated and interacts with 
putative host-encoded retinoblastoma-like proteins to manipulate the cell cycle 
of primary infected cells from G(1) to S phase, potentially creating a cellular 
environment permissive for viral DNA replication and transcription. The strong 
activities associated with the BBTV DNA-4 and -5 promoters suggested these 
gene products are most likely intrinsic to the viral infection process. In contrast, 
low levels of promoter activity were observed with the BBTV DNA-1 intergenic 
region. This suggested that the Rep protein, although required at all stages of 
DNA replication, is expressed at relatively low levels as would be expected for 
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a regulatory protein. 
In transgenic banana plants, the BT6.1 promoter displayed a tissue-specific 
pattern of expression limited to the phloem of leaves and roots, stomata and 
root meristems. This pattern of expression was analogous to that observed in 
transgenic tobacco, and may reflect the tissue-limited expression of the BBTV 
DNA-6 gene product within its natural host. However, it is likely that BBTV gene 
expression and replication is a complex mechanism. Studies with related 
ssDNA geminiviruses have revealed promoter activity is influenced via the 
interaction of viral-encoded gene products (Haley et a/., 1992; Sunter and 
Bisaro, 1992; Zhan eta/., 1993) and gene expression in certain cell types may 
be dependent on complex transcriptional transactivation mechanisms (Sunter 
and Bisaro, 1997). Therefore, the expression patterns associated with each 
BBTV promoter alone may differ from the expression patterns from each 
promoter in a natural infection. 
Apart from their involvement in the regulation of BBTV gene expression, the 
intergenic regions of BBTV may also have applications for heterologous 
transgene expression. Therefore, we investigated which of the cis-elements 
identified in the BBTV DNA-6 intergenic region were involved in promoter 
regulation in tobacco. Removal of a 272 bp region from the 5' end of the BT6.1 
promoter increased promoter activity by about 2-fold. The significantly lower 
activity of the BT6.1 promoter in comparison to BT6.2 may have been due to 
inhibitory effects of conserved termination signals present at the 5' end of the 
promoter (Beetham, 1997), or this region may potentially harbour a negative-
regulatory element. A significant reduction in promoter activity was observed 
between promoter BT6.3 and BT6.4, although this level of activity was 
comparable to the full BT6.1 promoter. Relatively strong expression associated 
with the minimal BT6.4 promoter suggested the sequences with homology to 
the G-box and 1-box cis-elements may be involved in promoter activity. The G-
box core has been shown to interact with several plant transcription factors 
(reviewed in Katagiri & Chu, 1992), and is responsive to plant hormones such 
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as abscisic acid, jasmonate, and ethylene. The location of the 1-box consensus 
(GAT AAG) with respect to the G-box, and in relation to the downstream TATA 
box, implies these motifs may be functionally equivalent to those identified in 
the rbcS gene promoters (Donald & Cashmore, 1990). The absence of 
promoter activity associated with the BT6.5 promoter implied that the 147 bp 
region at the 3' end of the BT6.1 promoter was essential for promoter activity. 
Importantly, this region contained the TATA box. Deletion analysis therefore 
indicated that the CR-M and CR-SL are not required for promoter activity, and 
all the transcription elements required for strong promoter activity from the 
BT6.1 promoter were located within 239 bp of the translation start codon. 
Furthermore, a 56 bp region, located 3' of the common stem loop structure, was 
responsible for the majority of this activity. This region contained a 10 bp 
sequence CATGACGTCA which has strong homology with the 3' end of the 20 
bp consensus sequence incorporating the ocs-element of the Agrobacterium 
tumefaciens T-DNA promoters (Bouchez eta/., 1989). Internal to this sequence 
is a TGACG motif (ASF-1) which exists as a tandem repeat in the as-1 element 
of the CaMV 358 and related promoters (Lam eta/., 1989; Sanger eta/., 1990; 
Verdaguer eta/., 1996). The as-1 element is able to confer expression primarily 
in root tissues, but also interacts synergistically with other cis-elements (Lam 
eta!., 1989) and has been shown to bind AS1 tobacco nuclear factor (Fromm 
eta/., 1989). The 56 bp region also contains a sequence, ACGTCA, that has 
similarity to the hexamer motif of plant histone promoters (Mikami et at., 1987). 
The presence of this motif in the genomes of several other ssDNA plant viruses 
has been suggested to reflect an evolutionary conservation of transcription 
control mechanisms within this group (Morozov eta!., 1994). The hexamer motif 
is most likely associated with strong promoter activity in undifferentiated, 
actively dividing cell types, as histone genes are expressed specifically in the 
S-phase of the cell cycle (Nakayama eta/., 1992). 
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Summary 
lntron-containing fragments derived from the 5' untranslated regions of the 
maize ubi1, maize adh1, rice act1 and sugarcane rbcS genes were tested for 
their enhancing effects on the BBTV DNA-6 promoter (BT6.1) in banana (Musa 
spp. cv. Bluggoe) embryogenic cells. The rice act1 and maize ubi1 introns 
provided the highest levels of intron-mediated enhancement (IME) increasing 
native BT6.1 promoter activity by about 300-fold and 1 00-fold, respectively. The 
sugarcane rbcS intron increased expression about 1 0-fold whereas the adh1 
intron had no significant effect. In regenerated transgenic banana plants the 
ubi1 intron significantly enhanced BT6.1 promoter activity to levels similar to 
that of the CaMV 35S promoter, but did not appear to affect the tissue 
specificity of the promoter. 
Key Words: banana bunchy top virus, promoter, intron-mediated enhancement, 
GUS. 
Abbreviations: BBTV: banana bunchy top virus, IME: intron-mediated 
enhancement, uidA: E. coli gene coding for GUS, GUS: ~-glucuronidase, npt/1: 
gene coding for neomycin phosphotransferase II 
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Introduction 
Banana bunchy top virus (BBTV) is an isometric virus with a circular ssDNA 
genome which infects members of the genus Musa. BBTV is thought to be 
phloem-associated based on cytopathological and transmission characteristics 
(Magee, 1939). Six circular genomic components, BBTV DNA-1 to -6, each 
about 1 kb in size, have been characterised (Harding eta/., 1993; Burns eta/., 
1995) and each component contains a major open reading frame (ORF), in the 
virion sense, which is transcribed during virus infection (Beetham, 1997; 
Beetham eta/., 1997). 
Promoter activity associated with the BBTV DNA-1 to -6 intergenic regions has 
been characterised in transgenic tobacco and banana (Musa spp. cv. Bluggoe) 
embryogenic cells (Dugdale eta/., 1998). In regenerated transgenic tobacco 
plantlets, the BBTV-derived promoters directed tissue-specific GUS expression 
limited to vascular-associated cells, with greatest expression in undifferentiated, 
actively dividing cell types. Transient studies in banana embryogenic cells 
demonstrated low levels of GUS expression from the BT-uidA fusions. 
Significant promoter activity was only detected when fused to a sensitive codon-
altered gfp reporter gene encoding the green f!uorescent protein (GFP) (Chiu 
eta/., 1996). In transgenic banana plants, the BBTV DNA-6 promoter (BT6.1) 
was active primarily in vascular-associated tissues. This study suggested that 
the BBTV promoters are weakly active within their host species, and at least 
one of the promoters, BT6.1, directs tissue-specific expression. 
The ability of 5' untranslated leader sequences, particularly introns, to augment 
transgene expression in plant systems has been well documented (Keith and 
Chua, 1986; Callis eta/., 1987; Vasil eta!., 1989). The mode of intron-mediated 
enhancement (IME), however, is less well understood. The enhancing effects 
of introns appear to be position- and transgene-dependent (Callis et a/., 1987; 
Mascarenhas eta/., 1990; Rethmeier eta!., 1997; Snowden eta/., 1996), and 
the mechanism of IME has been suggested to be a nuclear event (Rethmeier 
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et a/., 1997). IME of a heterologous promoter has been demonstrated in 
transient assays with a variety of intron-containing fragments (Vain eta!., 1996) 
and recognition and efficiency of intron splicing appears to differ between 
monocot and dicot species (reviewed by Koziel eta/., 1996). For commonly 
utilised monocot-derived promoters, including maize alcohol dehydrogenase 1 
(adh1) (Dennis eta/., 1984; Callis eta!., 1987), maize polyubiquitin 1 (ubi1) 
(Christensen et a!., 1992; Christensen and Quail, 1996) maize shrunken 1 
(Maas eta/., 1991), and rice actin (McElroy eta/., 1990), the first intron of the 
5' untranslated region (UTR) has been retained, suggesting their importance for 
strong promoter activity. 
In this study, we report the enhancing effects of four monocot-derived introns, 
maize ubi1, maize adh1, sugarcane rbcS and rice act1, on BT6.1 transient 
promoter activity in embryogenic cells of banana. Further, we report the 
enhancing effects of the ubi1 intron on stable expression of the BT6.1-uidA 
fusion in transgenic banana. 
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Material and Methods 
Isolation and cloning of the BBTV DNA-6 promoter 
All plasmid constructions used in this study are diagrammatically represented 
in Figure 4.1. A 623 bp fragment of BBTV DNA-6 was amplified by PCR using 
primers; BT6V1, 5'-CTGCAGAGTTGTGCTGTAATGTT-3' (BBTV DNA-6 
sequence from nt 747-763 with Pstl restriction site) and BT6C1, 5'-
GGATCCGCTTCGTCCTTCCGCT-3' (BBTV DNA-6 sequence complementary 
to nt 264-280 with BamHI restriction site). The PCR reaction contained 20 pmol 
of each primer, with 50 mM KCI, 1.5 mM MgCI2, 10 mM Tris-HCI pH 8.0, 200 ~M 
dNTPs, 0.2 U AmpliTaq polymerase (Perkin Elmer), and - 0.1 ng of BBTV 
nucleic acid. The reaction mix was subjected to an initial denaturation step of 
94°C for 5 min, foll-owed by 30 cycles of 94 oc for 1 min, 45 oc for 30 s, 72 OC for 
1 min, and a final extension step of 72° C for 10 min. The amplified product 
(promoter BT6.1) was cloned into Psti/BamHI digested pUC19 as a Psti/BamHI 
fragment. BT6.1 was subsequently cloned as a Hindiii!BamHI fragment into 
Hindiii!BamHI digested p811 01.3 (Ciontech). The BT6.1-uidA-nos 3' 
untranslated region (UTR) cassette was cloned as a Hindiii/EcoRI fragment into 
Hindiii/EcoRI digested pGEM-3zf+. This construction was designated pBT6.1-
GN. 
Insertion of maize ubi1 intron 
The vector, pUGR73, contains the maize polyubiquitin 1 (ubi1) promoter and 
intron (Christensen eta/., 1992; Christensen and Quail, 1996) upstream of the 
uidA reporter gene and tobacco rbcS 3' UTR. For subsequent cloning, the ubi1 
promoter and intron were subcloned as a Pstl fragment into Pstl digested 
pGEM3zt+. This construction was designated pGEM-Ubi. The 1010 bp ubi1 
intron with the short upstream exon flanking sequence (41 bp) was excised from 
pGEM-Ubi as a Bg/11/Smal fragment and directionally cloned between the BT6.1 
promoter and uidA gene into the BamHI/Smal sites in pBT6.1-GN. This 
construction was designated pBT6.1-Ubi-GN. A control plasmid, pUbi.pro-GR, 
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which consisted of the ubi1 promoter without intron and upstream exon flanking 
sequence, was generated by digestion of pUGR73 with Bgiii!Ncol. The resulting 
digestion was blunt ended using DNA polymerase I large (Kienow) fragment 
and re-ligated. An intron control was generated by removing a 944 nt region 
harbouring the ubi1 promoter. The promoter region was removed by 
Bg/11/BamHI digestion of pUGR73. The resulting digestion was re-ligated to 
generate the vector, pUbi.INT-GR. 
Insertion of maize adh 1 intron 
The maize adh1 promoter (206 bp) and first intron (557 bp) were excised from 
pEMU-MCS (Last eta/., 1991) as a Sa/1/Xbal fragment and inserted into the 
Sa/1/Xbal sites upstream of a uidA reporter gene and nos 3' UTR in pGEM-3zf 
(pGEM-GN). This construction was designated pAdh-GN. An intron control 
vector, pAdh.INT-GN, was generated by excision of a 557 bp BamHI/Smal 
fragment containing the adh1 intron from pEMU-MCS, and insertion into the 
BamHI/Smal sites present upstream of the uidA reporter gene in pGEM-GN. 
The adh1 intron was similarly inserted between the BT6.1 promoter and uidA 
gene in the vector pBT6.1-GN. This plasmid was designated pBT6.1-Adh-GN. 
Insertion of sugarcane rbcS intron 
A 252 bp sequence incorporating the signal peptide and intron of sugarcane 
ribulose-1, 5-bisphosphate carboxylase/oxygenase (rbcS) small subunit gene 
(Tang and Sun, 1993) was amplified from sugarcane (Saccharum officina rum 
sp.) genomic DNA by PCR using primers rbc1: 5'-
CCAGCCATGGCGCTCACCGTGATGG-3', and rbc2: 5'-
GGGCCACACCTGCATCGATGTACG-3'. The PCR reaction contained 20 pmol 
of each primer, 200 !-JM dNTPs, 10 ng genomic DNA and 0.5 U Expand™ 
polymerase (Boehringer Mannheim) with manufacturer's buffer system 3. The 
reaction mix was subjected to an initial denaturation step of 94° C for 5 min, 
followed by 35 cycles of 94° C for 15 s, 6cP C for 15 s, 72! C for 1 min, and a 
112 
final extension step of 72° C for 10 min. The amplified product was cloned into 
the Smal site of pBiuescript SK (Stratagene). This vector was designated pBS-
rbcS.INT. An intron expression control vector was generated by excision of the 
rbcS intron and leader sequence from pBS-rbcS.INT as a Hindiii!Smal fragment 
and insertion into the Hindiii!Smal sites located upstream of the uidA gene and 
nos 3' UTR in pGEM-GN. This construction was designated pRbcS.INT-GN. 
The BT6-rbcS intron fusion was generated by initially removing the 623 bp 
BT6.1 promoter from pBT6.1-GN as a Hindiii/Smal fragment and insertion into 
the Hindiii/EcoRV sites located upstream of the rbcS intron in pBS-rbcS.INT. 
This vector was designated pBS6.1-rbcS. The BT6.1 promoter and rbcS intron 
were subsequently excised from pBS6.1-rbcS as a Hindiii!Smal fragment and 
inserted into the Hindiii!Smal sites located upstream of the uidA reporter in 
pGEM-GN. This construction was designated pBT6.1-rbcS-GN. 
Insertion of rice actin intron 
The plasmid pDM803 contained the rice actin promoter and intron (McElroy et 
a/., 1990) upstream of the uidA reporter and tobacco rbcS 3' UTR, in 
pBiuescript II. The rice actin intron (313 bp), including 28 bp of the 5' 
untranslated leader, and the uidA reporter gene were excised by digestion of 
pDM803 with Sacl. This fragment was inserted into a Sacl restriction site 
located upsteam of the nos 3' UTR in pGEM3.zf+. The resulting construction 
was designated pAct.INT-GN. The BT6.1 promoter was excised from pBT6.1-
GN as a Hindiii!Smal fragment and cloned into the Hindiii!Smal restriction sites 
located upstream of the rice actin intron in pGEM-Act.INT-GN. This construction 
was designated pBT6.1-Act-GN. 
Generation of intron duplications and combinations 
The plasmid pBT6.1-dUbi-GN consisted of duplicated ubi1 introns positioned 
between the BT6.1 promoter and uidA reporter gene. The ubi1 intron and exon 
flanking sequence were excised from pGEM-Ubi as a Bg/11/Smal fragment and 
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inserted into the BamHI/Smal restriction sites downstream of the original ubi1 
intron in pBT6.1-Ubi-GN. Vector pBT6.1-Ubi-Adh-GN consisted of the ubi1 and 
adh1 introns, in tandem, positioned between the BT6.1 promoter and uidA 
reporter gene. The adh1 intron and exon flanking sequence were excised from 
pEMU-MCS as a BamHI/Smal fragment and inserted into the BamHI/Smal 
restriction sites downstream of the ubi1 intron in the vector pBT6.1-Ubi-GN. The 
plasmid pBT6.1-Adh-Ubi-GN consisted of the adh1 and ubi1 introns, in tandem, 
positioned between the BT6.1 promoter and uidA reporter gene. The ubi1 intron 
and upstream exon flanking sequence and uidA reporter gene were excised 
from pUbi.INT-GR as an Xbai/Sacl fragment and inserted into Xbai/Sacl 
digested pBT6.1-Adh-GN, to replace the original uidA gene. All plasmids used 
for banana cell transient assays are diagrammatically represented in Figure 4.1. 
Preparation and micro-particle bombardment of banana cells 
Embryogenic suspension cultures of banana (Musa spp., cv. " Bluggoe" ABB 
group) were initiated and maintained essentially as described by Dhed'a eta!. 
(1991 ). Cells were subcultured fortnightly in maintenance medium containing 
7.5 !JM 2, 4-D and 1 !JM zeatin (BH media). Five days post subculture, cell 
suspensions were passed through a 450 !Jm filter and harvested by low speed 
centrifugation (130 g). Aliquots of 200 !JL of a cell suspension, containing 
packed cells I liquid media ratio of 1 :5 v/v, were placed onto 70 mm filter paper 
discs (Whatman #1) to form a thin layer of evenly dispersed cells. Discs were 
stored on BH media solidified with 0.7% agar for 5 days prior to bombardment. 
Cells were bombarded using a particle inflow gun. All plasmid DNA was purified 
using QIAGEN Maxi Plasmid Purification columns (QIAGEN Inc.). Preparation 
of 1.0 !Jm microcarrier gold particles (BioRad), and coating of plasmid DNA 
were essentially as described by Mahon et a!. (1996), except that 2 !Jg of 
plasmid DNA was used to coat gold particles and 5 !JL of the DNA-gold 
suspension was used for each bombardment. Transient GUS expression, from 
ten independent bombardments for each promoter construction, was assessed 
three days post bombardment by fluorometric assays. GUS activities were 
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Figure 4.1: Plasmid constructions used for transient promoter comparisons in banana 
embryogenic cells. lntron-containing sequences derived from maize ubi1, maize adh1, 
sugarcane rbcS, and rice act1 5' untranslated regions were inserted between the BT6.1 
promoter and uidA reporter gene (plasmid pBT6.1-GN). lntron and promoter control 
plasm ids are also illustrated. lntron sequences are shaded. 
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statistically compared by one way analysis of variance with a 95% confidence 
interval using Statgraphics (Statistical Graphics Version 4.0). 
Stable transformation of banana 
Banana (Musa spp., cv. Bluggoe) was transformed and regenerated using a 
modified method of Sagi et a/. (1995). Plasmids used for transformation 
included pBT6.1-GN, pBT6.1-Adh-GN, pBT6.1-Ubi-GN, pUbi.INT-GR, and 
pBIN-BT6.3-NPT. The plasmid pBIN-BT6.3-NPT consists of a BT6.3-npti!-35S 
3' UTR // 35S 5' UTR-uidA-35S 3' UTR cassette in pBIN19. All plasmids used 
for stable transformation, except pBIN-BT6.3-NPT, were co-transformed with 
an equal amount (1 ~g) of pDHKAN for selection oftransformants with geneticin 
(1 0 mg/ml). The vector pDHKAN consisted of~ 35S 5' UTR-npti/-35S 3' UTR 
cassette in pUC18. 
Histochemical and f/uorometric analysis of GUS activity 
GUS activity was assayed histochemically and fluorometrically essentially as 
described by Jefferson et a/. (1987). Fluorescence was measured using a 
Perkin Elmer LS50B luminescence spectrophotometer. 
PCR analysis of transgenic plants 
Genomic DNA was isolated from leaves of i-3 month old in vitro plantlets 
essentially as described by Stewart and Via (1993). The full length uidA gene 
was amplified by PCR using primers GUS 1: 5'-ATGTTACGTCCTGTAGAAACC-
3', and GUS2: 5'-TCATTGTTTGCCTCCCTGCTGC-3'. The PCR reaction 
contained 20 pmol of each primer, 200 ~M dNTPs, 0.1-1 ~g genomic DNA, and 
0.5 U Expand™ polymerase with manufacturer's buffer sytem 3. The reaction 
mix was subjected to an initial denaturation step of 95° C for 5 min, followed by 
35 cycles of 95° C for 30 s, 55° C for 30 s, and 72° C for 1 min 30 s, and a final 
extension step of 72° C for 1 0 min. 
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Results and Discussion: 
Transient !ME of the BT6.1 promoter in banana embryogenic cells 
The native BT6.1 promoter, pBT6.1-GN, directed low levels of GUS expression, 
about 2-fold higher than background, following micro-projectile bombardment 
of banana embryogenic cell suspensions (Figure 4.2), confirming previous 
results (Dugdale eta!., 1998). Insertion of introns, both independently and in 
tandem combinations, between the BT6.1 promoter and uidA gene produced 
varying levels of enhanced GUS activity (Figure 4.2). In combination with the 
BT6.1 promoter, the ubi1 intron (pBT6.1-Ubi-GN) significantly enhanced GUS 
activity over the native BT6.1 promoter to levels similar to that of the maize ubi1 
promoter and intron (pUGR73). Both pBT6.1-l)bi-GN and pUGR73 provided 
levels of GUS activity about 3-fold higher than the CaMV 35S promoter (p35S-
GUS). Interestingly, the ubi1 intron alone (pUbi.INT-GR) directed relatively 
strong GUS expression, about 2-fold lower than the CaMV 35S promoter. The 
maize ubi1 promoter without intron (pUbi.pro-GR) generated levels of GUS 
activity similar to the native BT6.1 promoter indicating the importance of the 
intron to promoter activity. The adh1 promoter and intron (pAdh-GN) and adh1 
intron alone (pAdh.INT-GN) directed very low levels of GUS expression not 
significantly different from the untransformed control. Introduction of the adh1 
intron between the BT6 .1 promoter and uidA reporter (pBT6.1-Adh-GN) did not 
significantly increase native promoter activity. The sugarcane rbcS intron alone 
(pRbcS.INT-GN) directed low levels of GUS expression, about 2-fold greater 
than background. In combination with the BT6.1 promoter (pBT6.1-rbcS-GN), 
however, the sugarcane rbcS intron enhanced BT6.1 promoter activity 
approximately 1 0-fold more than its native level. The rice actin intron generated 
the greatest enhancement of BT6.1 promoter activity. GUS expression directed 
by this combination (pBT6.1-Act-GN) was about 3-fold higher than the maize 
ubi1 promoter and intron. The rice actin intron alone (pAct.INT-GN) generated 
relatively strong GUS expression comparable to the maize ubi1 intron. 
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Figure 4.2: Transient promoter activity of native compared with intron-enhanced 
BT6.1 constructions in banana embryogenic cells. Plasmid constructions were 
bombarded into banana embryogenic cell suspensions and GUS activity quantified by 
fluorometric assays. lntron containing plasmids were compared to untransformed, 
native BT6.1 promoter (pBT6.1-GN), and the CaMV 35S promoter (p35S-GUS) 
controls. GUS activity is expressed as pmol MU/min/mg protein. Bars represent mean 
activities± standard error for 10 independent bombardments. NOTE: Graphs (a) and 
(b) are presented with different Y scales to accommodate significant variation between 
GUS activity values. 
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The levels of GUS expression associated with the ubi1 and act1 introns (about 
2-fold lower than the CaMV 35S promoter) independent of an upstream 
promoter, suggested transcription was mediated from an alternative TATA box. 
Two possible explanations for this phenomenon are (i) that transcription is 
initiated from a cryptic TATA box within the cloning plasmid 5' of the intron, and 
correct intron splicing is maintained, or (ii) that transcription is mediated from a 
cryptic TATA box within the intron itself. Last eta/. (1991) also detected maize 
adh1 intron directed reporter gene expression in a range of monocot cell lines; 
however, no explanation of this finding was offered. 
The adh1 and ubi1 introns were inserted, in tandem, between the BT6.1 
promoter and uidA reporter gene to determine the effects of multiple intron 
combinations on transgene expression (Figure 4.2). The plasmid pBT6.1-Ubi-
Adh-GN showed approximately a 1 0-fold incr,ease in GUS activity over the 
native BT6.1 promoter but was significantly lower than pBT6.1-Ubi-GN. In 
contrast, the plasmid pBT6.1-Adh-Ubi-GN directed levels of GUS expression 
similar to that of pBT6.1-Ubi-GN. Duplication of the ubi1 intron upstream of the 
BT6.1 promoter generated a slight increase in GUS activity in comparison to the 
pBT6.1-Ubi-GN, although this was not statistically significant. The differential 
GUS expression observed between the plasmids pBT6.1-Adh-Ubi-GN and 
pBT6.1-Ubi-Adh-GN suggested that the intron positioned immediately 5' of the 
transgene governed the level of enhanced gene expression. However, it is 
possible that the upstream intron did have an effect on uidA expression as 
reflected by the increase in GUS levels with pBT6.1-Ubi-Adh-GN over pBT6.1-
Adh-GN, and pBT6.1-dUbi-GN over pBT6.1'-Ubi-GN, even though these 
activities were not at a statistically significant level. 
lntron enhanced BT6.1 promoter activity in transgenic banana plants 
Between 6 and 23 banana plants were transformed and regenerated with 
constructions pBT6.1-GN, pBT6.1-Adh-GN, pBT6.1-Ubi-GN, pUbi.INT-GR and 
pBIN-BT6.3-NPT, and each was confirmed to contain the uidA gene by PCR. 
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Four plants for each construction were further analysed by genomic Southern 
hybridisation. Between 1 and 7 copies ·of the npt/1 gene were present in each 
plant tested (results not shown). Leaf and root sections of 2-3 month old in vitro 
plantlets were histochemically assayed for GUS_ activity. In addition, five plants 
representing each promoter construction were fluorometrically assayed (Table 
4.1 ). No visible GUS expression was evident in plants transformed with pBT6.1-
GN, and pBT6.1-Adh-GN. Furthermore, fluorometric GUS assays using leaf 
tissue from these plants indicated GUS activities were not significantly different 
from that observed from untransformed background activity. These results were 
consistent with transient assays which indicated the BT6.1 promoter was only 
weakly active and that the adh1 intron provided little to no enhancement of 
promoter activity. Plants transformed with the plasmid pUbi.INT-GR gave 
relatively strong GUS expression which did not appear to be tissue specific. 
GUS activity associated with these plants was unlikely to be the result of 
integration downstream of an endogenous banana promoter, as six out of eight 
plants had similar expression levels which correlated with GUS levels observed 
in transient assays. 
Strong GUS expression was detected in plants transformed with the plasmid 
pBT6.1-Ubi-GN suggesting efficient processing of the ubi1 intron was 
maintained in the transition from transient to stable integration. This activity was 
determined to be about 7- to 8-fold higher than plants transformed with the 
plasmid pUbi.INT-GR. GUS expression appeared most concentrated in the leaf 
and root vascular tissue, corm, and root meristems. Such tissue-specific activity 
was analogous to GFP expression directed by the native BT6.1 promoter, in 
transgenic bananas (Dugdale et a/., 1998). However, in some plants, GUS 
activity was not limited to these tissue types. This may have been due to a 
position effect associated with integration of the plasmid or an artefact 
associated with GUS histochemical assays. Constitutive GUS expression was 
observed in plants transformed with the plasmid pBIN-BT6.3-NPT, harbouring 
a CaMV 35S-uidA cassette. Mean levels of GUS activity from pBIN-BT6.3-NPT 
and pBT6.1-Ubi-GN stable transformants were relatively similar using 
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Table 4.1: Mean GUS activities in transgenic regenerated banana plants. 
Leaves from five individual banana plants transformed with the plasmids 
pBT6.1-GN, pBT6.1-Adh-GN, pBT6.1-Ubi-GN, pUbi.INT-GR and pBIN-BT6.1-
NPT were fluorometrically assayed for GUS activity. Untransformed banana 
was included as a background control. Mean levels of GUS activity± standard 
error are represented as pmol MU/min/mg protein. 
Promoter Construction Mean GUS Activity 
(pmol MU/min/mg protein) 
untransformed 0.9 ± 0.25 
pBT6.1-GN 3.9 ± 0.70 
pBT6.1-Adh-GN 4.0 ± 1.11 
pBT6.1-Ubi-GN 9678.5 ± 4904.72 
pUbi.INT-GR 1398.1 ± 296.53 
pBIN-BT6.3-NPT (CaMV 35S-uidA) 11151.3 ± 4940.38 
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fluorometric assays, although high levels of standard error were observed. This 
would suggest that GUS expression directed from pBT6.1-Ubi-GN was higher 
in vascular-associated tissues compared with GUS expression from pBIN-
BT6.3-NPT. 
We have demonstrated the enhancing effects of four monocot-derived intron-
containing fragments (the maize ubi1, maize adh1, sugarcane rbcS, and rice 
act1 introns) on a BBTV promoter (BT6.1) in banana cells using GUS transient 
assays. Of these, the rice act1 intron provided the greatest enhancement of 
BT6.1 promoter activity, increasing expression levels 300-fold over the native 
BT6.1 promoter and 3-fold over the maize ubi1 promoter and intron in transient 
assays. Of the other introns tested, the maize ubi1 intron provided about a 100-
fold increase in GUS expression over native BT6.1 activity, whereas the 
sugarcane rbcS intron generated a 1 0-fold increase over native BT6.1 activity, 
and the maize adh1 intron had no significant effect. The enhancing effects of 
the maize ubi1, maize adh1, and rice act1 introns on a heterologous promoter, 
have also been demonstrated with transient assays in other monocot species 
(Callis eta/., 1987; McElroy eta!., 1991; Vain eta!., 1996). The maize ubi1 
promoter and intron has been identified as the strongest of four promoters 
compared in banana transient assays, generating levels of expression greater 
than the AMV enhanced, duplicated CaMV 35S promoter and pEMU (Sagi et 
a!., 1995). This study suggests the high levels of activity associated with the 
ubi1 promoter and intron in banana appear to be primarily due to the presence 
of the ubi1 intron, without which the activity of the ubi1 promoter was 
comparable to the BT6.1 promoter. The ,BT6.1-act1 combination was 
significantly more active than the maize ubi1 promoter and intron in transient 
banana assays and, therefore, may be potentially useful for high level 
expression of transgenes in banana. 
Few studies have demonstrated IME of a heterologous promoter in stably 
transformed plants (Tanaka eta!., 1990; Xu eta/., 1993). This study has shown 
that IME of a minimal, tissue-specific, heterologous promoter is maintained to 
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a high level in stable transformants. The dramatic increase in GUS expression 
in transgenic plants, between the· native BT6.1 promoter and ubi1 enhanced 
promoter, was analogous to that observed with transient banana assays. Such 
heterologous promoter-intron combinations may be particularly useful for high 
level tissue-directed expression of transgenes ,in monocots. Promoter activity 
associated with the ubi1 intron alone, independent of an upstream promoter, in 
both transient assays and transgenic plants was, however, unexpected. We are 
currently assessing RNA transcripts from these plants via northern and 5' RACE 
studies in an attempt to further understand the mechanism by which this 
transcription is mediated. 
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Abstract 
The intergenic regions of banana bunchy top virus (BBTV) DNA-1 to -5 were 
fused to the gfp and uidA reporter genes and assessed for promoter activity in 
transgenic banana (Musa spp. cv. Bluggoe). Promoter activity associated with 
the BBTV-derived promoters was transgene-dependent with greatest activity 
observed using the gfp reporter. The BBTV promoters (BT1 to BTS) directed 
expression in primarily vascular-associated cells, although levels of activity 
varied between individual promoters. Promoters BT4 and BTS directed the 
highest levels of GFP expression, while activity from BT1, BT2 and BT3 
promoters was considerably weaker. lntron-mediated enhancement, using the 
maize polyubiquitin 1 (ubi1) intron, generated a significant increase in GUS 
expression directed by the BBTV promoters in transgenic plants. 
Keywords: BBTV, promoter, vascular expression, GFP, intron-mediated 
enhancement 
Abbreviations: BBTV: banana bunchy top virus, gfp: gene encoding GFP, 
GFP: green fluorescent protein, uidA: E. coli gene coding for GUS, GUS: ~­
glucuronidase, npt/1: gene coding for neomycin phosphotransferase II, UTR: 
untranslated region 
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Introduction 
Banana bunchy top virus (BBTV) has a restricted host range limited to the 
genus Musa and is considered phloem-limited (Magee, 1939). The genome of 
BBTV consists of at least six cssDNA components (DNA-1 to -6), each about 
1 kb in size (Harding et a/., 1993; Burns et a/., 1995). Each component 
potentially encodes one large gene in the virion sense and has an intergenic 
region comprising two regions of homology, the major common region (CR-M) 
and stem-loop common region (CR-SL). RNA transcripts associated with BBTV 
DNA-1 to -6 major genes have been identified in diseased banana (Beetham, 
1997; Beetham eta/., 1997), suggesting the BBTV intergenic regions have a 
promoter function. 
Promoter activity associated with each of the six BBTV intergenic regions has 
previously been described in transgenic tobacco and in banana embryogenic 
cells (Dugdale eta/., 1998a). In transgenic tobacco plants, the BBTV promoters 
(BT1 to BT6) directed weak vascular-associated GUS expression while 
transient tobacco assays using NT-1 cell suspensions, promoter activity varied 
from background levels (BT1) to levels 2-fold higher than the CaMV 35S 
promoter (BT2). In banana embryogenic cells, BBTV promoter activity was only 
detected using a sensitive gfp reporter (Chiu eta/., 1996), suggesting the BBTV 
promoters are relatively weak within their host species. Promoters BT 4 and BT5 
generated the highest levels of transient GFP expression suggesting the DNA-4 
and DNA-5 components possibly encode genes expressed early in infection. 
In transgenic banana plants, the BT6 promoter directed tissue-specific GFP 
expression limited to the vascular regions of leaves and roots, stomata, and root 
meristems. 
In an attempt to increase native BT6 promoter levels, four monocot-derived 
introns were assessed for their enhancing effects in banana transient assays 
(Dugdale et a/., 1998b). Two introns, derived from the rice actin (act1) and 
maize polyubiquitin (ubi1) 5' untranslated regions (UTRs), significantly 
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enhanced reporter gene expression, increasing levels of GUS expression 300-
fold and 1 00-fold over native BT6 levels, respectively. In regenerated transgenic 
banana, a ubi1 enhanced BT6 promoter directed high levels of reporter gene 
expression comparable to the CaMV 35S promoter in strength. 
In this study, we report promoter activity associated with the BT1 to BT5 
promoters in regenerated transgenic banana (Musa spp. cv. Bluggoe). Using 
the sensitive gfp reporter, we have shown that these promoters also direct 
vascular-associated expression of varying strengths. Further, by introducing the 
ubi1 intron into the 5' untranslated regions of various BT-uidA fusions, we have 
demonstrated significant enhancement of promoter activity in transgenic 
bananas. 
Materials and Methods 
Cloning of BBTV DNA-1 to -5 promoters 
The isolation and cloning of promoter regions associated with BBTV DNA-1 to 
-5 has previously been described (Dugdale et a!., 1998 [a]). In summary, 
fragments incorporating the intergenic regions of each component were isolated 
and inserted upstream of a uidA-nos 3' untranslated region (UTR) cassette in 
the cloning plasmid pGEM3z'f (Promega). These constructions were designated 
pBT1.1-GN to pBT5.1-GN, respectively. The codon-modified gene encoding 
GFP and nos 3' UTR were excised from blue-sGFP.TYG-nos and used to 
replace the uidA reporter in plasmids pBT1.1-GN to pBT5.1-GN. These 
constructions were designated pBT1.1-GFP to pBT5.1-GFP. For promoter 
comparisons, CaMV 35S-uidA and -gfp plasmid controls were included. 
Plasmid, pBIN-35S-GN/BT6.3-NPT, consisted of a 530 bp CaMV 35S-uidA-
CaMV 35S 3'UTR cassette located downstream of a BT6.3-npt//-CaMV 35S 3' 
UTR cassette in pBIN19. Plasmid, p35S-GFP/BT6.3-NPT, consisted of a 530 
bp CaMV 35S 5'UTR-gfp-nos 3' UTR cassette upstream of a BT6.3-npt//-35S 
3' UTR selection cassette in pGEM3zf+. 
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Insertion of the maize ubi1 intron 
The vector pUGR73 contained the maize polyubiquitin 1 (ubi1) promoter and 
intron (Christensen eta!., 1992; Christensen and Quail, 1996) upstream of the 
uidA reporter gene and tobacco rbcS 3' UTR. For subsequent cloning, the ubi1 
promoter and intron were subcloned as a Pstl fragment into Pstl digested 
pGEM3zf. This construction was designated pGEM-Ubi. The 1010 bp ubi1 
intron with the short upstream exon flanking sequence (41 bp) was excised from 
pGEM-Ubi as a Bg/11/Smal fragment and directionally cloned into the 
BamHI/Smal sites located between the BT promoter and uidA gene in the 
plamids pBT2.1-GN to pBT5.1-GN. These construction were designated 
pBT2.1-Ubi-GN to pBT5.1-Ubi-GN. 
Transformation and regeneration of banana 
Embryogenic suspension cultures of banana (Musa spp., cv. " Bluggoe" ABB 
group) were initiated and maintained essentially as described by Dhed'a eta!. 
(1991 ). Banana cells were transformed and plants regenerated using a modified 
method of Sagi eta!. (1995). All plasmids used for stable transformation (except 
p35S-GFP/BT6.3-NPT and pBIN-35S-GN/BT6.3-NPT) were co-transformed 
with an equal amount (1 1-Jg) of pDHKAN for selection of transformants with 
geneticin (1 0 mg/ml). The vector, pDHKAN, consisted of a CaMV 35S 5' UTR-
npt/1-CaMV 35S 3' UTR cassette in pUC18. 
GUS histochemical and fluorometric assays 
GUS activity in transgenic bananas was assessed both histochemically and 
fluorometrically by the method of Jefferson et a/. (1987). Fluorescence was 
measured using a Perkin Elmer LS50B luminescence spectrophotometer. 
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Visualisation of GFP expression 
GFP expression in banana was visualised using a Leica MZ12 stereo 
microscope with GFP-Pius fluorescence module. Detection of GFP expression 
in chlorophyll containing tissues was aided by the addition of a green barrier 
filter (BGG Chroma Technology). 
PCR Analysis of Transgenic Plants 
Genomic DNA was isolated from leaves of 2-3 month old tissue culture plants 
essentially as described by Stewart and Via (1993). Full length gfp and uidA 
genes were PCR amplified using primer pairs, GFP1: 5'-
ATGGTGAGCAAGGGCGAGGAG-3', GFP2: 5'-
TTACTTGTACAGCTCGTCCAT-3; and GUS1: 5'-
ATGTTACGTCCTGTAGAAACC-3', GUS2: 5'-
TCA TTGTTTGCCTCCCTGCTGC-3', respectively. The PCR reaction contained 
20 pmol of each primer, 200 !JM dNTPs, 0.1-1 j..Jg genomic DNA, and 0.5 U 
Expand™ polymerase (Boehringer Mannheim) with manufacturer's buffer sytem 
3. The reaction mix was subjected to an initial denaturation step of 95° C for 5 
min, followed by 35 cycles of 95° C for 30 s, 5ff C for 30 s, and Tl C for 1.5 
min, and a final extension step of 72° C for 10 min. 
134 
Results and Discussion: 
Using the gfp reporter, we were able to visualise expression directed by each 
of the BBTV promoters throughout the transformation and regeneration of 
banana. In transformed embryos and embryogenic callus, the BBTV promoters 
differed in levels of activity. Three months post bombardment, greatest 
expression and the highest frequency of expressing embryos was observed with 
the BT4 and BT5 promoters, followed by the BT1 (Figure 5.1: Panel A), BT2 
and BT3 promoters, respectively. These differential levels were comparable to 
promoter activities observed in banana transient assays (Dugdale eta/., 1998a). 
Between 4 and 1 0 independent lines of transgenic banana plants were 
established for each promoter construction and each plant was confirmed to 
contain the gfp gene by PCR. Each promoter directed GFP expression in cells 
primarily associated with the vascular tissues of leaves and roots, with greatest 
activity in the root meristems. Based on the intensity of GFP expression the BT4 
and BT5 promoters were the strongest of the five BBTV-derived promoters 
(Figure 5.1: Panels B-F). The levels of activity associated with these promoters, 
however, were lower than the CaMV 358 promoter which displayed strong 
constitutive GFP expression in most cell types. Promoter BT1 directed weak 
GFP expression which was detectable in chlorophyll-containing tissues with the 
aid of a green emission filter. Promoters BT2 and BT3 directed very weak GFP 
expression which was barely detectable even with the assistance of the green 
emission filter. No endogenous green fluorescence was observed throughout 
the transformation and regeneration process in banana tissues transformed with 
pDHKAN only. Interestingly, GFP expression associated with the BT2 and BT 4 
promoters (Figure 5.1: Panel D) did not appear to be confined totally to the leaf 
vascular tissues with visible GFP expression in stomata and mesophyll cells. 
The promoter sequences derived from BBTV DNA-1 to -5 contain numerous 
motifs with homology to documented cis-elements. The majority of these motifs 
are variations on a 4 bp core ACGT consensus, including the G-box (CACGTG) 
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Figure 5.1 
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Figure 5.1: Reporter gene expression in transgenic banana. Banana cv. 
Bluggoe embryogenic cell suspensions were bombarded with BT-gfp and ubi1 
enhanced BT-uidA fusions for stable transformation. Panel A shows GFP 
expression directed by the BT1 promoter in a transgenic 3 month old embryo 
(Bar= 2.5 mm). Panels B and C show GFP expression directed by the BT5 
promoter in an emerging plantlet (Bar= 0.5 em) and whole leaf blade (Bar= 2.5 
mm), respectively. Under high power magnification, GFP expression directed 
by the BT4 promoter was not confined to the vasculature of leaves (Panel 0, 
Bar= 0.5 mm), whereas GFP expression under the control of the BT5 promoter 
was primarily vascular-associated (Panel E, Bar = 2 mm), with greatest 
expression in root meristems (Panel F, Bar= 1 mm). GUS activity in transgenic 
explants was assessed by histochemical assays. Panels G (Bar= 1 mm) and 
H (Bar = 2.5 mm) show GUS activity in leaf explants directed by ubi1 intron 
enhanced promoters BT4 and BT5, respectively. Strong vascular-associated 
GUS expression directed by the ubi1 intron enhanced BT5 promoter was also 
evident in the pseudostem (Panel!, Bar= 1 mm) and in the roots (Panel J, Bar 
= 2.5 mm). The ubi1 intron enhanced BT2 promoter directed lower levels of 
GUS expression in the leaf blade (Panel K, Bar= 2.5 mm), with greatest GUS 
expression evident in root meristems (Panel L, Bar= 2 mm). 
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(Giuliano eta!., 1988; Staiger eta!., 1989), the hexamer motif (ACGTCA) 
(Mikami eta/., 1987, 1989) and the ASF-1 motif (TGACG) (Lam eta!., 1989). 
The G-box core binds a number of plant transcription factors (reviewed by 
Katagiri and Chua, 1992) and is responsive to some plant hormones, including 
abscisic acid (Marcotte eta!., 1989), methyl jasmonate (Kim eta!., 1992), and 
ethylene (Meller et a/., 1993). The hexamer motif is present in promoters of 
plant histone genes, suggesting an involvement in high level expression in 
actively dividing undifferentiated cells. The ASF-1 motif exists as a tandem 
repeat in the as-1 element of the CaMV 35S and related promoters (Lam et a!., 
1989; Sanger eta/., 1990; Verdaguer eta!., 1996). The as-1 element is able to 
confer expression primarily in root tissues, but also interacts synergistically with 
other cis-elements (Fang eta!., 1989; Lam eta!., 1989). An 1-box consensus 
(GAT AAG) is also present in promoters BT3 and BT 4, possibly reflecting 
similarities to the rbcS gene promoters (Giuliano et a/., 1988; Donald and 
Cashmore, 1990). At least two GATA motifs (Lam and Chua, 1989; Gilmartin 
et a!., 1990) are present in each of the BBTV promoters, except BT1. Two 
regions are common to each of the five BBTV intergenic regions, the CR-M and 
CR-SL. However, both of these sequences appear to play fundamental roles in 
the rolling circle mechanism by which BBTV has been proposed to replicate 
(Hafner eta!., 1997a, 1997b). In contrast, no single plant cis-element could be 
identified common to all BBTV intergenic regions. This suggests the tissue 
specificity of these promoters is not defined by a single transcriptional element. 
We postulate, therefore, that promoter activity associated with each of the 
BBTV promoters is the result of an additive effect involving a number of 
transcription elements interspersed throughout the promoter sequences. Such 
a case exists with the promoter of rice tungro bacilliform virus which directs 
phloem-specific expression in transgenic rice (Bhattacharyya-Pakrasi et a/., 
1993). Four promoter elements, Box I, Box II, ASL Box and a GATA motif have 
been shown to bind rice nuclear factors and appear essential for phloem-
specific expression (Yin and Beachy, 1995; Yin eta!., 1997). The exact location 
and role of such motifs in the promoters of BBTV, however, are yet to be 
determined. 
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Between 4 and 12 independent lines of regenerated banana plants were 
established for each of the BT-uidA fusions. These plants were confirmed to 
contain the uidA gene by PCR. GUS histochemical assays with leaf and root 
explants, however, failed to detect any visible GUS expression in these plants 
(results not shown). This finding is analogous to transient assays in banana 
cells using the BT-uidA fusions, and similar undetectable levels of GUS 
expression were observed in banana plants transformed with a BT6-uidA fusion 
(Dugdale et a/., 1998a,b). The absence of GUS expression in transgenic 
bananas would initially suggest the BBTV promoters are relatively weak. 
However, using the gfp reporter gene, the BT 4 and BT5 promoters directed 
relatively high expression in transgenic banana plants, and in banana transient 
assays were comparable to the strong monocot maize ubi1 promoter (Dugdale 
eta!., 1998a). We therefore propose that BBTV promoter activity is transgene-
dependent. 
In an attempt to raise the levels of expression associated with the BT-uidA 
fusions, a fragment incorporating the maize ubi1 intron and small upstream 
exon was inserted between each promoter and uidA reporter gene. To 
determine whether relative promoter strength influenced ubi1 intron-mediated 
enhancement, the two weaker promoters BT2 and BT3, and the two stronger 
promoters BT 4 and BT5 were used for this study. The resulting constructions 
(pBT2.1-Ubi-GN, pBT3.1-Ubi-GN, pBT4.1-Ubi-GN, and pBT5.1-Ubi-GN) were 
used to stably transform banana. Between 4 and 8 independent lines of 
regenerated transgenic banana plants were established for each promoter 
construction (except pBT3.1-Ubi-GN for which only 2 independent lines were 
obtained). Each plant was confirmed to contain the uidA gene by PCR. GUS 
histochemical assays with leaf and root explants from each plant detected 
varying levels of GUS expression. Highest GUS expression was observed in 
plants transformed with pBT4.1-Ubi-GN and pBT5.1-Ubi-GN. Both promoter-
intron combinations appeared to direct GUS expression primarily associated 
with the vascular tissues of leaves and roots (Figure 5.1: Panels G-1). However, 
due to the high levels of promoter activity and problems associated with 
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diffusion of X-gluc derivative, blue GUS precipitate was essentially observed in 
all cell types. Using fluorometric assays, the mean level of GUS expression in 
leaves of plants transformed with either plasmid was on average about 1.5-fold 
higher than GUS expression directed by the CaMV 35S promoter (Table 5.1 ), 
although large standard error values were observed. In contrast, GUS 
expression in plants transformed with the plasmids pBT2.1-Ubi-GN and pBT3.1-
Ubi-GN was weak, about 17-fold and 170-fold lower than the CaMV 35S 
promoter, respectively. Highest GUS expression in banana plants transformed 
with pBT2.1-Ubi-GN and pBT3.1-Ubi-GN was observed in the root meristems, 
with weak expression evident in the vascular tissue of leaves and roots (Figure 
5.1: Panels K-L). These findings indicate that the enhancing effects of the 
maize ubi1 intron were promoter-dependent, and support previous reports 
which suggest that the degree of enhancement from a particular intron depends 
on the strength of the promoter used (Callis eta/., 1987; Mascerenhas eta/., 
1990; Tanaka eta/., 1990; Luehrsen and Walbot, 1991 ). This phenomenon 
most likely reflects the effects of leader sequences and the presence of 
transcriptional enhancers within the promoter (Koziel eta/., 1996). 
We have demonstrated that the promoters derived from BBTV DNA-1 to -5 are 
active to varying degrees in transgenic banana plants and appear to direct 
primarily vascular-associated expression. lntron-mediated enhancement of the 
BBTV promoters with the maize ubi1 intron was shown to be promoter 
dependent, while greatest reporter gene expression was observed with the ubi1 
intron-enhanced BT4 and BT5 promoters. The tissue-specific expression 
pattern associated with these promoters most likely reflects the tissue-limited 
movement, accumulation and replication of BBTV within its natural host. Both 
native and intron enhanced BBTV promoters may, therefore, be particularly 
useful for the tissue-specific, high level expression of transgenes in banana, 
and potentially other monocots. 
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Table 5.1: Mean GUS activities in transgenic regenerated banana plants. 
Leaves from individual banana plants transformed with the plasm ids pBT2 .1-
Ubi-GN, pBT3.1-Ubi-GN, pBT4.1-Ubi-GN, pBT5.1-Ubi-GN and the control 
plasmid pBIN-35S-GN/BT6:3-NPT were fluorometrically assayed for GUS 
activity. Untransformed banana was included as a background controi.Mean 
levels of GUS activity ± standard error are represented as pmol MU/min/mg 
protein. 
Promoter GUS Activity 
(pmol MU/min/mg protein) 
untransformed 4.5 ± 2.34 
BT2-ubi1 947.6 ± 712.86 
BT3-ubi1 92.9 ± 27.65 
BT4-ubi1 24347.6 ± 8914.25 
BT5-ubi1 26449.3 ± 930.80 
CaMV 35S 16820.2 ± 10949.181 
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Summary 
Proteins encoded by the BBTV DNA-1 (Rep) and DNA-5 (putative Rb binding-
like) genes were assessed for their regulatory effects on the BBTV intergenic 
promoter sequences in banana embryogenic cells, using transient co-
transformation assays. Both gene products caused a significant reduction in 
GFP expression directed by the majority of the BBTV promoters over an eight 
day period, however, they appeared to differ in their regulatory mechanisms. 
The Rep most likely binds to the BBTV intergenic regions and impedes the 
binding of host transcription factors, resulting in transcriptional repression. The 
DNA-5 protein, however, appeared to interact at a cellular level. Based on its 
putative Rb binding-like function, over-expression of this gene product may 
disrupt the normal host cell cycle possibly resulting in cell death. 
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Banana bunchy top virus (BBTV) has small isometric virions of 18-20 nm, 
infects members of the genus Musa, and is persistently transmitted by the aphid 
Pentalonia nigronetvosa (Harding eta/., 1991 ). Based on cytopathology and 
transmission studies BBTV is considered phloem-associated (Magee, 1939). 
The BBTV genome consists of at least six components of circular ssDNA each 
about 1 kb in size (Harding eta/., 1993; Burns eta/., 1995). 
RNA transcripts have been detected from each of the large virion sense ORFs 
of BBTV DNA-1 to -6 (Beetham, 1997; Beetham eta/., 1997). BBTV DNA-1 
contains two transcribed ORFs in the virion sense, the major gene encodes a 
replication initiation protein (Rep) (Harding eta/., 1993, Hafner eta/., 1997b). 
The predicted gene product of BBTV DNA-5 contains an LXCXE motif (R. 
Wanitchakorn, G.J. Hafner, R.M. Harding, and J.L. Dale, unpub. results) similar 
to functional Retinoblastoma (Rb) binding domains identified in the RepA early 
gene product of subgroup I geminiviruses (Xie eta/., 1995; Collin eta/., 1996; 
Ach eta/., 1997). Further, BBTV DNA-5 is the most efficiently primed of all the 
six BBTV components (Hafner et a/., 1997a). It is probable, therefore, that 
BBTV DNA-5 encodes an early gene and its product interacts with host-
encoded Rb-like proteins to manipulate the cell cycle of primary infected cells, 
creating a cellular environment permissive for viral DNA replication and 
transcription. 
The intergenic or non-coding region of each BBTV DNA component has two 
regions of homology. The major common region (CR-M) is the binding site for 
an endogenous ssDNA primer which is capable of priming full-length 
complementary strand synthesis in vitro (Hafner eta/., 1997a). The stem-loop 
common region (CR-SL) contains a stem-loop sequence similar to that found 
in the geminiviruses (Lazarowitz eta/., 1992). Like the geminiviruses, the loop 
in the CR-SL of BBTV is specifically nicked and joined by the Rep (Hafner eta!., 
1997b). Based on these studies, the CR-M and CR-SL appear fundamental to 
the proposed rolling circle mechanism by which BBTV replicates (Hafner eta/., 
1997a, b). 
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The intergenic regions of each of the BBTV components function as promoters 
in both dicot and monocot systems (Dugdale eta/., 1998). It is likely, however, 
that BBTV gene expression is an intricate mechanism involving the interaction 
of viral encoded gene products. Studies with the related geminiviruses, have 
revealed gene expression may be dependent on complex transactivation or 
derepression mechanisms depending on the cell type, and may potentially 
involve the activation of host derived gene products (Sunter and Bisaro, 1997). 
Here, we report the regulatory effects of the BBTV DNA-1 and DNA-5 encoded 
proteins on BBTV promoter activity, using co-transformation transient assays 
in banana embryogenic cells. 
Isolation of the intergenic regions of BBTV DNA-1 to -6 and insertion upstream 
of the codon-modified gfp reporter gene encoding the green fluorescent protein 
(GFP) and nos 3' untranslated region (UTR) has been previously described 
(Dugdale eta/., 1998). The subsequent plasmid constructions were designated 
pBT1.1-GFP to pBT6.1-GFP, respectively. 
The major gene of BBTV DNA-5 was amplified from purified BBTV nucleic acid 
using primers BT5.Exp1, 5'-AAGAGCCATGGAGTTCTGGGAATC-3' and 
BT5.Exp2, 5'-GATATAAGCTTAGAGTAATGTTAC-3'. The PCR reaction 
contained 20 pmol of each primer, 200 !JM dNTPs, 0.5 U Expand™ polymerase 
(Boehringer Mannheim), - 0.1 ng of purified BBTV nucleic acid, with 
manufacturer's buffer system 3. The reaction mix was subjected to an initial 
denaturation step of 94° C for 5 min, followed by 30 cycles of 94° C for 30 s, 
45° C for 30 s, 72°C for 1 min, and a final extension step of 72 oc for 10 min. As 
a "stuffer" control, an untranslatable BBTV DNA-5 gene, in which the 
translational start codon, ATG, was exchanged for a TGA stop codon, was 
similarly amplified using primers BT5.UTR, 5'-TGAGAGTTCTGGGAATC-3' and 
BT5.Exp2. PCR products were cloned into the Smal site of pGEM3zf+ 
(Promega) and the integrity of the nucleotide sequence confirmed. The BBTV 
DNA-5 sequences were subsequently excised from pGEMzf+ as BamHI/Sacl 
fragments and directionally inserted into the BamHI/Sacl sites present between 
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the maize ubi1 promoter and nos 3' UTR, in the plasmid pGEM-Ubi-nos. The 
BBTV DNA-1 major gene was excised from the plasmid piBTrep10 (Beetham 
eta/., 1997) as a BamHI/Sacl fragment and similarly cloned. These plasmids 
were designated pUbi-ORF1, pUbi-ORF5, and pUbi-ORF5.UTR (untranslatable 
"stuffer" plasmid control). Construction of the plasmid p35S-GFP has previously 
been described (Dugdale eta/., 1998). This construction consists of the 530 bp 
CaMV 35S promoter located upstream of a gfp-nos 3' UTR cassette in 
pGEM3zf". 
Embryogenic suspension cultures of Musa spp., cv. 'Biuggoe' were initiated and 
maintained essentially as described by Dhed'a eta/. (1991). Preparation of cells 
prior to micro-particle bombardment was as described by Dugdale eta/. (1998). 
One microgram of each BBTV promoter construction and p35S-GFP was 
independently co-transformed with 1 1-1g of each of the plasm ids pUbi-ORF1 and 
pUbi-ORF5, and the "stuffer" control plasmid, pUbi-ORF5.UTR, respectively. 
Each DNA-gold suspension was used to bombard five plates of banana 
embryogenic cells in two replicate experiments using the conditions described 
by Dugdale eta/. (1998). Transient GFP expression was visualised using a 
Leica MZ12 stereo microscope with GFP-Pius fluorescence module. The 
number of green fluorescent foci within an eyepiece graticule region, equivalent 
to 40 mm2 on the Petri dish, were counted three, five and eight days post-
bombardment. Due to the low levels of expression associated with the BT1.1 
and BT2.1 promoters, the counting area for these co-transformation assays was 
increased to 175 mm2. The mean number of green fluorescent foci was 
determined for the ten independent co-tranSformations and converted to 
percentage expression of the stuffer DNA control (pUbi-ORF5.UTR). The 
effects of the BBTV DNA-1 and DNA-5 gene products on BBTV promoter 
activity are presented in Figures 6.1 and 6.2, respectively. 
Expression of the BBTV Rep (DNA-1 major gene product) significantly reduced 
GFP expression directed by all BBTV promoters, except promoter BT2, with 
152 
..c 
...... 
-~ 
-o:::p' 
Q) o' 
I- -._... 
CU-
0..0 
E-~:; 
0 c (.) 8 
C-o 0.-
CJ) E 
(f) (f) 
~ cu 
0.. 0.. 
X'-Q) Q) 
Q)tt= 
> :::J 
:;::;U:) 
cu 
Q) 
0:::: 
200 
FQ ~~ 
100 
50 
0 
pUbi-ORF1 • Day 3 
Day 5 
r--
D Day 8 
" 
r-
¥ 
...... ,..., ·~,..., ~ lwnn ~ 
Figure 6.1: Effects of Rep on BBTV promoter activity in banana cells. 
Mean number of green fluorescent foci for ten independent co-
bombardments were determined at three time points (day 3, 5, and 8) 
post transformation. Promoter activity is represented as percentage 
expression of"stuffer" DNA control (plasmid pUbi-ORF5.UTR). 
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Figure 6.2: Effects of BBTV DNA-5 gene product on BBTV promoter 
activity in banana cells. Mean number of green fluorescent foci for ten 
independent co-bombardments were determined at three time points (day 
3, 5, and 8) post transformation. Promoter activity is represented as 
percentage expression of "stuffer" DNA control (plasmid pUbi-
ORF5.UTR). 
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which expression levels appeared unaffected. In most cases, significant 
reduction of expression was observed within a three day period and, by day 8, 
Rep had reduced promoter activity to below 25%. However, the Rep did not 
affect expression directed by the CaMV 358 promoter. These results suggest 
Rep regulation was specifically directed to the BBTV promoters. The apparent 
negative-regulation of the Rep promoter (BT1) by its own gene product is 
analogous to that of the Subgroup Ill geminiviruses (Sunter et a/., 1993; 
Groning eta!., 1994; Hong and Stanley, 1995), and may suggest a feedback 
inhibition mechanism designed to regulate gene expression and replication. 
In contrast, the BBTV DNA-5 gene product significantly reduced GFP 
expression directed by all BBTV promoters and, importantly, the CaMV 358 
promoter. Unlike the Rep, this down-regulation appeared cumulative over the 
8 day period, by which time, activity of each BBTV promoter was reduced to 
below 25% of its normal activity. This effect was most likely protein-mediated 
as no such decrease was observed with the "stuffer" DNA construct (pUbi-
ORF5.UTR) from which the DNA-5 gene is transcribed but not translated. The 
apparent reduction in activity of an unrelated plant virus promoter (and with the 
maize ubi1 promoter, results not shown) confirms that, unlike the Rep, the 
BBTV DNA-5 gene product acted at a cellular level rather than interacting 
specifically with the promoter. Based on the presence of an Rb binding-like 
motif (LXCXE) within this protein, it is possible that accumulated DNA-5 gene 
product interfered with the natural progression of the host cell cycle, possibly 
resulting in cell death. Thus, we hypothesise that it was this effect rather than 
promoter regulation that was responsible for the gradual reduction in GFP 
expression observed over the 8 day time period. Further evidence to support 
this finding was a significant reduction in the transformation and regeneration 
efficiency of banana transformed with the translatable DNA-5 gene in 
comparison to other transgenes (D. Becker, R. Harding, J. Dale, unpub. 
results). In tobacco (NT-1) cell co-transformation assays, CaMV 358-directed 
expression of the DNA-5 gene also caused a reduction in BBTV promoter 
activity, suggesting the effects of this protein are not species specific (results 
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not shown). 
The dramatic decreases in BBTV promoter activity in the presence of the Rep, 
suggested Rep binding inhibited transcription. In an attempt to determine if Rep 
binding occurs, deletions of the BT6.1 promoter (Figure 6.3a) directing GFP 
expression were co-transformed with the plasmid pUbi-ORF1 and the stuffer 
control plasmid pUbi-ORF5.UTR. Isolation and cloning of the promoter deletions 
BT6.2 and BT6.3 has been previously described (Dugdale eta/., 1998). GFP 
expression cassettes were generated by excision of the uidA reporter from the 
plasmids pBT6.2-GN and pBT6.3-GN by BamHI/Sacl digestion and 
replacement with a gfp-nos 3' UTR cassette. The resulting plasmids were 
designated pBT6.2-GFP and pBT6.3-GFP, respectively. Plasmids pBT6.1-GFP, 
pBT6.2-GFP and pBT6.3-GFP were independently co-transformed with the 
plasmids pUbi-ORF1 and pUbi-ORF5.UTR as previously described. 
As previously observed, the Rep significantly reduced GFP expression directed 
by the BT6.1 promoter (Figure 6.3b). Significant down-regulation was also 
observed with a 5' deletion of 272 bp (pBT6.2-GFP). Expression from pBT6.3-
GFP, however, was unaffected by the Rep. The BT6.3 promoter region was 
generated by deleting 112 bp from the 5' end of the BT6.2 promoter, including 
the majority of the CR-SL. It is likely, therefore, that the Rep bound to a 
sequence within this 112 bp stretch, possibly within the CR-SL. The CR-SL is 
highly conserved between each of the six BBTV intergenic regions and its 
associated loop has been shown to be specifically nicked and ligated by the 
Rep (Hafner et a/., 1997b). As it is probable that Rep binding is primarily a 
function of virus replication, we hypothesise that the Rep impeded the binding 
of host-derived RNA polymerase and/or essential transcription factors and 
subsequently repressed transcription from the BBTV intergenic promoters. 
Interestingly, no such down-regulation was observed with the BT2 promoter. 
The 862 bp BT2 promoter is the largest of the six BBTV promoters and the 
distance between the 3' end of the CR-SL and the 3' end of the promoter is 80-
140 bp larger than analogous regions within the other BBTV promoters. It is 
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Figure 6.3: BT6 promoter deletions (A) and the effects of expressed Rep 
on their promoter activity in banana cells (B). Mean number of green 
fluorescent foci for five independent co-bombardments were determined 
at three time points (day 3, 5, and 8) post transformation. Promoter 
activity is represented as percentage expression of "stuffer" DNA control 
(plasmid pUbi-ORF5.UTR). 
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possible, therefore, that bound Rep did not inhibit BT2 promoter activity due to 
the physical distance of BT2 transcription elements in relation to the putative 
Rep binding site. 
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Chapter 7: General Discussion and Conclusions 
BBTV (Burns eta/., 1995), SCSV (Boevink eta/., 1996), FBNYV (Katul eta!., 
1997), CFDV (Rohde eta/., 1990), and MDV (Sana eta/., 1993) may constitute 
a new group of plant viruses. Recently, the name "nanoviruses" has been 
proposed to describe this virus group, based on the small virions associated 
with its members. The nanoviruses have isometric virions of 17-20 nm, most 
have a multi-component genome of circular ssDNA, are transmitted by insect 
vectors, and are considered phloem-limited within their respective hosts. 
Considerable advances have been made in determining the genome 
organisation, replication strategy, gene function and movement of BBTV. These 
studies suggested that, like all DNA plant viruses, BBTV would contain 
promoters responsible for the initiation, regulation and cell-specificity of gene 
expression. Based on BBTV symptomology and transmission, and studies with 
other monocot-infecting DNA plant virus promoters, the BBTV promoters would 
most likely have a tissue-restricted pattern of expression limited to phloem cells. 
This was in part true, however, this study suggests that promoter activity 
associated with the BBTV intergenic regions is more complex. The BBTV 
promoters are capable of high level expression in certain cell types, their 
activities vary between individual components, between plant species and with 
different transgenes, and a number of the promoters are regulated either 
directly or indirectly by viral encoded gene products. 
Six promoters (BT1 to BT6) were isolated incorporating the intergenic regions 
based on the major ORFs of BBTV DNA-1 to -6 (Burns eta/., 1995; Beetham, 
1997; Beetham eta/., 1997), respectively. The BBTV promoter regions ranged 
in size from 225 bp (BT1) to 862 bp (BT2) and shared sequences of similarity 
including the CR-M, CR-SL and consensus TATA box (CTATa/ta/tAt/aA). To 
assess their promoter activity in both dicot and monocot systems, the promoter 
fragments were fused to reporter genes including uidA, gfp, and npt/1. Although 
BBTV has a narrow host range limited to the genus Musa, the BBTV promoters 
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were active to varying degrees in tobacco (NT-1) cell suspension transient 
assays. The promoter, BT2, directed the highest levels of GUS expression, 
about 2- to 3-fold greater than the strong constitutive 35S promoter of CaMV. 
This would suggest a conservation of some transcription control mechanisms 
between dicot and monocot species. These promoter activities, however, have 
little significance with respect to BBTV replication as tobacco is a non-host, 
although it does demonstrate that promoter activity may not be the limiting 
factor for BBTV infection of a dicot. 
In regenerated transgenic tobacco plants the BBTV promoters directed weak 
vascular-limited GUS expression, similar to the promoter of CFDV (Rohde eta/., 
1995). In contrast, promoters derived from the related SCSV have been shown 
to direct high levels of GUS expression in tobacco (Boevink, 1995; Surin eta/., 
1996), although this expression was also confined to vascular tissues. The 
apparent differences in expression levels between members of the same virus 
group are most likely due to the host range of these viruses. Unlike BBTV and 
CFDV, SCSV infects dicots and, therefore, its promoters are likely to be more 
active in these species. Interestingly, greatest GUS expression was observed 
in callus initiated from leaves of tobacco plants transformed with the BT6.1-uidA 
fusion. This finding, along with relatively strong promoter activities in NT-1 cells, 
suggested that the BBTV promoters are capable of high level expression in 
undifferentiated and/or actively dividing cell types. 
The activities of the BBTV promoters in banana embryogenic cells are relevant 
to BBTV replication as banana is the natural host of the virus. Furthermore, 
these levels of promoter activity may reflect gene expression from the individual 
components at least during the early stages of BBTV infection. Of the six BBTV 
promoters, the BT 4 and BT5 promoters directed the highest levels of transient 
GFP expression in these cell types, suggesting both these components encode 
genes which are required at relatively high levels during the initial stages of 
BBTV infection. However, this does not necessarily imply that this level of 
expression is limited to early infection. Importantly, the gene product of DNA-5 
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potentially encodes a Rb binding-like protein, similar to that of the animal DNA 
tumor viruses (Ludlow, 1993; Moran, 1993; Vousden, 1993; Picksley and Lane, 
1994) and two members of the geminivirus group (Xie eta!., 1995; Collin eta!., 
1996; Ach eta/., 1997). Based on these findings, we propose the BBTV DNA-5 
gene product is the first translated at the point of virus infection and interacts 
with a putative banana Rb-like protein to manipulate the host cell cycle from G1 
to S phase, thereby creating a cellular environment permissive for BBTV 
replication and transcription. In contrast, the BT1 promoter was relatively weak. 
This would suggest the BBTV Rep, although required at all stages of DNA 
replication, is expressed at low levels. 
Analogies drawn between BBTV promoter activity in transgenic banana and the 
tissue distribution of the virus within a natural infection may not be valid as the 
cell specificity of the BBTV promoters may be influenced by viral encoded gene 
products in a manner similar to that of tomato golden mosaic geminivirus 
(Sunter and Bisaro, 1997). BBTV has long been considered phloem-limited 
within its host, based on cytopathological and transmission characteristics 
(Magee, 1939). The vascular-specific activity of the BBTV promoters in 
transgenic banana presented in this study supports this assumption. However, 
the unrestricted expression patterns associated with some of the BBTV 
promoters suggests that BBTV may not be confined solely to the vasculature. 
We propose, therefore, that the tissue distribution of BBTV within its host is 
probably similar to the monocot-infecting geminiviruses, particularly maize 
streak virus (MSV) which was also considered phloem-limited. MSV does not 
invade the apical meristem and, although vascular-limited in the stem and shoot 
tip, in mature leaves is not restricted to the vasculature (Lucy et a/., 1996). 
Outside the phloem of mature leaves, MSV is primarily found in photosynthetic 
tissues including the vascular-associated parenchyma, mesophyll, and bundle 
sheath cells. Such a model for BBTV tissue-specificity within banana, supports 
BBTV promoter activity in non-vascular photosynthetic cells of leaves, and 
possibly explains the presence of light-responsive cis-elements, similar to those 
of the rbcS gene promoters, within some of the BBTV intergenic regions. The 
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true tissue specificity of BBTV within its natural host, however, will only be 
determined using sensitive immuno-histochemical or in situ hybridisation 
techniques. 
Analysis of the BBTV intergenic fragments for regions with similarity to 
documented cis-elements revealed a number of conserved motifs (Table 7.1 ). 
One of these, the hexamer motif of plant histone gene promoters, was present 
in a number of the BBTV promoter fragments and has been identified in the 
genomes of other small ssDNA plant viruses (Morozov eta/., 1994). This cis-
element may be related to the apparent high levels of BBTV promoter activity 
in undifferentiated actively dividing cell types, as histone genes are expressed 
specifically in the S-phase of the cell cycle (Nakayama et a/., 1992). 
Furthermore, deletion analysis of the BT6.1 promoter suggested a 56 bp region 
located 3' of the CR-SL was responsible for at least half of the activity 
associated with this promoter in tobacco cell transient assays. This region 
included the hexamer motif and a 10 bp sequence CATGACGTCA which has 
strong homology with the 3' end of the 20 bp consensus incorporating the ocs-
element of the Agrobacterium tumefaciens T-DNA promoters (Bouchez eta!., 
1989). Internal to this sequence is a TGACG motif (ASF-1) which exists as a 
tandem repeat in the as-1 element of the CaMV 358 and related promoters 
(Lam eta/., 1989; Sanger eta/., 1990; Verdaguer eta!., 1996). The as-1 
element is able to confer expression primarily in root tissues, but also interacts 
synergistically with other cis-elements (Fang eta/., 1989; Lam eta/., 1989). The 
tissue-specific expression pattern associated with the BBTV promoters is, 
therefore, most likely due to an additive effect, involving these and other cis-
elements within the intergenic sequences. Those elements responsible for the 
primarily vascular-associated expression, however, remain to be determined. 
The low levels of BBTV promoter activity observed when fused to the uidA 
reporter gene, in both transient and stable transformation studies in banana, 
suggested the BBTV promoters are weak in their host species. This level of 
expression was significantly increased using the gfp reporter, in some cases 
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Table 7.1: Cis-elements and signal sequences identified within the intergenic 
regions of BBTV DNA-1 to -6. 
Name Signal BBTV BBTV BBTV BBTV BBTV BBTV 
sequences DNA-1 DNA-2 DNA-3 DNA-4 DNA-5 DNA-6 
LTRECORE CCGAC + 1017 
CAAT BOX1 CAAT + 1095 + 110 + 879 + 847 + 109 + 205 
+ 708 + 955 +923 
G-BOX CORE CACGTG + 225 +45 + 45 + 146 
+ 63 + 64 
+ 128 
+ 148 
ASF-1 MOTIF TGACG + 953 +152 +44 
+ 1054 + 182 +1083 
SV40 CORE GTGGWWHG + 138 
ENHANCER 
GATAMOTIF GATA + 194 + 61 + 72 + 94 + 132 
+ 281 + 919 + 982 + 159 + 792 
+ 587 + 925 + 925 
+ 686 +1014 + 938 
+1000 + 950 
HEXMOTIF ACGTCA + 124 + 99 + 46 
RbcS AATCCAA + 777 
CONSENSUS 
I-BOX GATAAG + 1014 + 982 + 132 
EREMOTIF AWTTCAAA + 147 
-300CORE TGTAAAG + 971 + 939 
ACGTC BOX GACGTC + 183 + 98 + 45 
ACGTABOX TACGTA + 796 
ACGTTBOX AACGTI +918 
AMYBOX1 TAACARA +901 +869 +55 + 1002 
+855 
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comparable to the strong monocot-derived maize polyubiquitin promoter and 
intron in transient assays. Based on these findings, it was proposed that 
promoter activity associated with the BBTV promoters was transgene-
dependent. However, the gfp reporter used in these studies was a synthetic 
gene with human/maize preferred codon usage and an S65T mutation 
specifically designed for sensitive detection and enhanced chromophore 
formation (Chiu et a/., 1996). The high levels of BBTV promoter activity 
observed only when fused to this gene, suggests these promoters are most 
likely relatively weak. Despite this, the native BBTV promoters may be 
potentially useful for the expression of selection genes such as npt/1 for 
antibiotic resistance. Indeed, the BT6.3 promoter fragment was consistently 
used to drive the npt/1 gene in most positive control plasmids used for both 
tobacco and banana transformation throughout this study. No apparent 
decrease in transformation efficiency was observed using this selection 
cassette, despite only very low levels of expr~ssed NPTII being detected by 
ELISA in transformed plants (D. Becker, pers comm.), making it potentially 
useful for future plant transformation schemes. 
The importance of introns in monocot-derived plant promoters has been well 
documented (Callis eta!., 1987; McElroy eta!., 1990; Christensen eta/., 1992), 
however, the enhancing effects of intron-containing fragments with 
heterologous promoters has been less well studied, particularly with respect to 
transgene expression in regenerated transformed plants (Tanaka eta!., 1990; 
Xu eta/., 1998). Of the four monocot-derived intron-containing fragments tested 
for enhancing effects in transient assays using banana embryogenic cells, the 
maize ubi1 and rice actin introns provided the niost significant enhancement of 
BT6 promoter activity, increasing GUS expression levels about 100- and 300-
fold over native promoter levels, respectively. In regenerated transgenic banana 
plants, the enhancing effects of the ubi1 intron were maintained to high levels, 
but, did not appear to alter the tissue-specificity of the BBTV promoters tested. 
Such heterologous promoter-intron combinations may be particularly useful for 
the high level vascular-directed expression of transgenes in monocots. 
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It was anticipated that promoter activity associated with the BBTV intergenic 
regions would be influenced by the trans-effects of viral encoded proteins, as 
has been demonstrated for the geminiviruses. To test this, the BBTV DNA-1 
(Rep) and DNA-5 (Rb binding-like) gene products were expressed with each 
BBTV intergenic region directing GFP expression via co-transformation assays 
in banana cells. Both proteins significantly reduced promoter activity associated 
with the majority of the BBTV promoters. The mechanisms by which this 
regulation occurred, however, appeared to differ. Deletion analysis using the 
BT6 promoter suggested that the Rep interacted specifically with the BBTV 
intergenic regions, most likely binding to signal sequences within the CR-SL 
involved in DNA replication, causing transcriptional repression. In contrast, the 
DNA-5 gene product may act at a cellular level. Based on the proposed function 
of the DNA-5 gene product, it is likely over-expression of this protein disrupts 
the normal host cell cycle, perhaps ultimately resulting in cell death. The effects 
of the DNA-5 gene product may also explain t!le pathological changes in the 
phloem and neighbouring tissues of BBTV infected banana observed by Magee 
(1 939), in which disorganisation, hypertrophy and hyperplasia were reported. 
The apparent effects of these gene products may make them potential targets 
for future pathogen-derived resistance strategies to BBTV in transgenic banana. 
The characterisation of the BBTV promoter regions presented in this thesis has 
assisted in understanding the complex mechanism by which BBTV interacts 
with its host, how the BBTV genes are regulated, the potential tissue-specificity 
of BBTV within its host, and expression levels of BBTV encoded genes 
throughout infection. Further, it has demonstrated the suitability of the BBTV 
promoters for both dicot and monocot transformation. This study has also left 
many unanswered questions and an array of future research directions, 
including: 
1. Which cis-elements are responsible for the primarily vascular-associated 
expression from the BBTV promoters and what host transcription factors do 
they interact with? 
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Despite numerous cis-elements being identified within the BBTV promoters, no 
single motif was common to each promoter. Therefore, the vascular-specific 
expression associated with the BBTV promoters may not be due to a single cis-
element, but rather, the result of an additive effect involving a number of these 
putative transcription elements. Such a case exists with the rice tungro 
bacilliform virus promoter, in which, phloem-specific expression is conferred by 
the additive effects of four putative cis-elements (Yin and Beachy, 1995; Yin et 
a!., 1997). In rice, these sequences have been shown to specificallly bind host-
derived nuclear factors (Yin eta!., 1997). 
2. How do the BBTV promoters behave in other dicot and monocot systems? 
Are they similarly tissue-restricted in activity? 
It is anticipated that the BBTV promoters will behave in a similar tissue-specific 
manner in other plant species. The BBTV DNA-6 promoter has been shown to 
direct relatively high reporter gene expression in actively dividing 
undifferentiated cell types from a range of dicot species, including cucumber, 
zucchini (results not shown), papaya (R. Mahon, pers. comm.), and pineapple 
(M. Graham, pers. comm). In a monocot, sugarcane, BBTV promoter activity is 
tissue-specific and weak, but is significantly enhanced using monocot-derived 
introns (J. Handley, unpub. results). The applicability of the BBTV promoters to 
direct the expression of useful transgenes in these plant species is currently 
being assessed. 
3. Where precisely, in the BBTV intergenic regions, does the Rep bind and by 
what mechanism does transcriptional repression from the BBTV promoter 
occur? 
Based on co-transformation assays with the BBTV DNA-6 promoter deletions, 
it appears the Rep most likely binds to a region within the CR-SL, as a function 
of virus replication. In geminiviruses, Rep binding within the intergenic region 
differs between Subgroups, although in the Subgroup I geminiviruses the stem-
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loop region has been implicated as a potential binding region (Argello-Astorga 
eta!., 1994). The specific site of BBTV Rep binding, however, will only be 
determined by footprinting techniques and gel shift assays. In African cassava 
mosaic geminivirus, a 57 amino acid region at the N terminus of the Rep has 
been shown to be solely responsible for its . regulatory activity (Hong and 
Stanley, 1995). Truncations and mutation analysis of the BBTV Rep may assist 
in determining the active domain responsible for DNA binding and promoter 
regulation. Such studies may also provide alternative targets for pathogen 
derived resistance strategies to BBTV. 
4. How is transcription initiated from promoterless intron constructions? Are 
cryptic TATA elements present within the cloning plasmid 5' of the intron or is 
transcription mediated from within the intron itself? 
Linearisation of the promoterless intron constructions immediately 5' of the 
intron, prior to bombardment, resulted in negligible GUS expression in banana 
cells (results not shown). This finding, although not repeated, suggested 
expression was disrupted by linearisation and indicated transcription is most 
likely mediated from a cryptic TATA box situated within the cloning plasmid. If 
this is the case, it seems likely that the intron is correctly spliced and may 
further explain the relatively high levels of expression observed with these 
plasmid constructions. Analysis of RNA transcripts by northern hybridisation and 
5' RACE, from banana plants transformed with these constructs, will assist in 
defining the transcriptional start site and determining how this transcription is 
mediated. 
5. Does the BBTV DNA-5 gene product have Rb-binding activity and do 
bananas encode Rb-like proteins similar to maize? 
Evidence of a family of Rb-like encoded genes in maize suggests plants do 
contain proteins responsible for the regulation of cell cycle progression (Grafi 
eta!., 1996; Xie eta!., 1996; Ach eta!., 1997). The putative Rb binding-like 
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motif, LXCXE, within the BBTV DNA-5 gene product, and in the Rep of the 
monocot-infecting geminiviruses (Xie eta/., 1995; Collin eta/., 1996; Ach eta/., 
1997), suggests these plant viruses may have evolved similar mechanisms to 
that of the DNA tumor viruses (Ludlow, 1993; Moran, 1993; Vousden, 1993; 
Picksley and Lane, 1994) to synchronise virus transcription and/or replication 
with the active S phase of the host cell cycle. The putative Rb binding-like 
function of the DNA-5 gene product is currently being investigated 
(Wanitchakorn eta/., unpub. results). 
6. What are the functions of the gene products encoded by the major ORFs of 
BBTV DNA-2 and DNA-6? 
Based on sequence comparisons, the predi<;:ted gene products encoded by 
BBTV DNA-2 and -6 share no similarities with proteins of known function. 
However, the BBTV DNA-6 gene shares 42.5% amino acid identity with the 
SCSV DNA-4 predicted gene product, suggesting the function of these proteins 
is conserved and probably important to the viral infection process. In co-
transformation assays in banana cells, the DNA-2 and -6 gene products did not 
appear to affect reporter gene expression directed by each of the six BBTV 
promoters (results not shown). This may indicate these proteins have a non-
regulatory function such as host range determinants or in systemic spread. 
Establishment of an artificial infection system for BBTV in bananas will assist 
in defining the functions of these proteins. 
7. Do other BBTV components exist which, as yet, have not been isolated? If 
so, do they potentially encode genes and do the.ir promoters behave in a similar 
manner to the other described BBTV promoters? 
Sequence comparisons between the genomes of BBTV, SCSV, and FBNYV 
possibly indicate the complete genomes of each of these viruses have yet to be 
fully determined (G. Hafner, pers. comm.). A component common to both SCSV 
and FBNYV potentially encodes a protein of 49.5% amino acid identity. A 
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component with the potential to encode a similar protein has yet to be isolated 
from BBTV-infected plant material. If such a component exists, it seems likely 
the encoded gene is transcribed and the intergenic region will behave in a 
similar manner to that of the the other BBTV promoters. The isolation of this 
additional component may also prove essential to future artificial infection 
systems for BBTV. Efforts to isolate such a component using degenerate 
primers designed to conserved regions within the putative ORF are currently 
underway (Wantichakorn eta!., pers. comm.). 
8. Is host cell division, or more specifically the S-phase of mitosis, essential for 
BBTV replication? 
BBTV and other ssDNA viruses appear to have evolved mechanisms to 
manipulate the host cell cycle into S phase. It is likely that this stage of mitosis 
is beneficial, but not essential, to BBTV replication. This assumption is based 
on co-localisation studies with MSV. In maize plants infected with MSV, 
replicative forms of viral DNA did not always coincide with expression of the S 
phase specific histone (H2b) gene, suggesting that host DNA synthesis was not 
a prerequisite for MSV replication (Lucy eta/., 1996). This finding was most 
evident in the developmentally mature leaves and !aminal tissues. 
9. Are the intergenic regions of the putative BBTV satellite components 
functional promoters? If so do they behave in a similar tissue-specific manner 
as the other BBTV promoters? 
The organisation of the putative Rep-encoding satellite components differ from 
that of BBTV DNA-1 (Karan, 1995). Within their respective intergenic regions, 
the TATA box is located 5' of the CR-SL, and the common regions vary from 
those of BBTV DNA-1 to -6. Further, these additional components do not 
appear to encode a gene internal to that of the Rep ORF. Despite these 
variations, the promoter regions of two of these components, S 1 and S2, have 
been shown to direct relatively high levels of tissue specific reporter gene 
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expression in both tobacco and banana cells (S. Hermann, unpub. results). This 
would suggest the putative Rep gene encoded by these components is 
transcribed during infection. Whether this Rep protein is capable of replicating 
the other BBTV components is currently being investigated (C. Horser, pers. 
comm). 
The resolution of these and other questions will significantly advance our 
understanding into the BBTV infection process and contribute to the future 
control of this virus. 
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